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ABSTRACT

Water is essential for all life on the planet, sustaining and ensuring the earth’s ecosystem. Groundwater 
from a global perspective provides about 50 % of the potable- , 40 % of the industrial- and 20 % of 
the irrigation water. For drinking water, deep groundwater has many advantages compared to surface 
water and shallow groundwater, since it demands little or no treatment and the access is secured against 

if it is made without knowing the groundwater potential, therefore development of techniques for 
exploration are of high priority. 

salinity, e.g. electrical conductivity and electric permittivity, which can be determined from Vertical 
Electrical Sounding (VES) and Ground Penetrating Radar (GPR) measurements, respectively. 
Magnetic Resonance Sounding (MRS), based on the principle of nuclear magnetic resonance, is a 
relatively new, non invasive technique, which in contrast to other geophysical techniques gives a 
direct measure of the free water content, but also the pore size distribution with depth. With MRS 
it is possible to determine both storage and hydraulic related parameters far less ambiguously than 
with classical geophysical techniques. This thesis presents four studies, where the MRS technique 
have been tested and developed in combination with other geophysical techniques in three different 
geological environments; (1) The sedimentary basin of Vientiane, Laos, with naturally occurring salt 
in the bedrock as shallow as 50 m in depth, which inevitably affects drinking and irrigation water from 
deep wells; (2) In karst limestone, on the island of Gotland, Sweden, where saltwater intrusion, both 
recent and relic together with pollution from pesticides and fertilizers are major threats to an already 
exhausted drinking water resource; (3) Test of the MRS spin-echo (SE) technique in Norrbotten, 
Sweden, where the presence of magnetic rocks and sediments have made it impossible to do MRS 
with a standard measuring procedure.

and distinguish freshwater aquifers from clays. The electrical conductivity (EC) of the aquifers 
determined from VES correlates well with EC of water collected from shallow and deep wells, which 
makes the method promising for future water quality estimation in the Vientiane basin. In Gotland 
(2), the performance of MRS, VES, GPR and Radiomagnetotelluric (RMT) were tested. The use of 
multiple techniques has shown to give a more coherent interpretation, but MRS and RMT showed 

of large scale magnetic gradients on the MRS signals but also the reliability of MRS SE result. The 
MRS SE technique has further been tested for different soil types. The measuring procedure has 
subsequently been tested and optimized to meet conditions of magnetic environments.

Keywords: geophysics; magnetic resonance sounding (MRS); spin echo; aquifer; groundwater; 
resistivity; salinity; Gotland; Khorat Plateau; Laos; Norrbotten. 
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ABBREVIATIONS AND NOMENCLATURE OF METHODS AND 
SELECTED PARAMETERS

MRS Magnetic Resonance Sounding
GPR Ground Penetrating Radar
VES Vertical Electrical Sounding
RMT Radiomagnetotelluric
CR Complex resistivity
SE Spin-Echo
FID Free induction decay

fL Larmor frequency
L Angular Larmor frequency

M0 Macroscopic magnetic moment of 
hydrogen nuclei

B0 Amplitude of the static geomagnetic 

B1 Amplitude of the excitation magnetic 

B Amplitude of the perpendicular part of 
the B1 0

in respect to the z-axis
 q1,2 Amplitude of the excitation pulses 1 

and 2
P1,2 Duration of the pulses 1 and 2
I0 Current amplitude

e Delay between pulses
e(t) Amplitude of relaxation signal
e e
E0 Initial amplitude of the relaxation 

signal
SE0 Initial amplitude of the extrapolated 

spin echo signal 
w(r) Water content distribution
r Coordinate vector

1MRS Longitudinal decay constant
2MRS

2
* Free induction decay constant

B,S,D Bulk, surface and diffusion relaxation, 
respectively

Vpore Volume of the pore
Spore Surface area of the pore

s Surface relaxivity factor
0

e Effective porosity
Sy
Sr
Hw Hydrostatic column

MRS MRS modelled water content
f Free water content
p

MRS
C p MRS
z Depth

a Apparent resistivity

0 Resistivity of water
EC Conductivity of water
m cementation factor
a Structural parameter
F Formation resistivity factor

H
SAR Sodium Absorption Ratio
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1  INTRODUCTION

Water is essential for all life on the planet, 
sustaining and ensuring the Earth’s ecosystem. 
Less than 3 % of the entire world’s water is 
fresh, the remaining part is seawater and hence 
undrinkable. Two thirds of this freshwater is frozen 

and bound to the poles and glaciers, whereas 
the remaining part is accessible to man and the 
whole ecosystem’s freshwater need. Most of that 
water, 90 %, is stored as groundwater, whereas 
the rest is found in lakes, rivers, reservoirs and 
rainfall (UNESCO, 2003). Water is not evenly 
distributed around the globe (Figure. 1-1a) and 

Pacific
Ocean Pacific

Ocean

Atlantic
Ocean

Indian
Ocean

Source:World Resources 2000-2001, People and Ecosystems: The Fraying Web of Life, World Resources Institute (WRI), Washington DC, 2000.
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a)

b)

Figure 1-1. a) Availibility of freshwater and b) Trends and forecasts in water use, by sector (UNEP/GRID-
Arendal (2002a; 2002c))
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Figure 1-2. The relative use of different geophysical 
methods in hydrogeology (after Plata (1999))

seasonal variation and extreme situations such 

people the last two decades of the 20th century 
(WHO, 2004). It is estimated that more than 1 
billion people, mostly living in the rural areas, 
do not have a secured water source that provide 

basis (Dongen and Woodhouse, 1994). The 
Intergovernmental Panel on Climate Change 
(IPCC) collects and summarizes the worldwide 

induced climate change. Their conclusion is that 
“freshwater resources are vulnerable and have 
the potential to be strongly impacted by climate 
change”. Among other things, they emphasize 
that higher water temperature and changes in 

destined to affect water quality with increased 
content of nutrients, salts and pathogens (Bates 
et al., 2008). Already today, 3900 children die 
each day and 1.8 million people die every year in 
diarrhoeal diseases due to poor hygiene and dirty 
water from unsafe water supplies (WHO, 2004). 
Climate change together with a growing world 
population, increasing water stress (Shiklomanov 
and UNESCO (1999); Figure 1.1b) and pollution 
can in the future exhaust an already weakened 
natural resource. Groundwater from a global 
perspective provides about 50 % of the potable 
water , 40 % of the industrial water and 20 % of 
the irrigations water (López-Geta et al., 2001). 
Although the relative use of groundwater varies 

very important source of fresh water all around 
the world and maybe even more in undeveloped 
countries.

Deep groundwater has many advantages 
compared to surface water and shallow 
groundwater, since it demands little or no 
treatment and the access is secured against 
temporary droughts. However, drilling wells for 

if it is made without knowing the groundwater 
potential. The average construction costs for 
one well in Africa is estimated to ca 11000 USD 
(Dongen and Woodhouse, 1994). Statistics from 
well constructions collected from almost 18000 
wells in eastern, western and southern Africa, 
shows that proper well siting (including among 
other things an inventory of existing geological- 

and well data, satellite/aerial imagery and 
geophysical investigations) increased the success 
rate up to 40 % and the siting costs were in many 

were reduced by 10 % (Dongen and Woodhouse, 
1994). Major threats to deep seated aquifers are 
saltwater intrusions in coastal areas, where an 
expected sea-level rise from global warming is 
anticipated to increase the salinisation (Bates et 
al., 2008); Together with an over consumption 
of groundwater and domestic/industrial 
contamination, the need for development of 
techniques for groundwater exploration and risk 
assessment are of great necessity.

Geophysical methods have been successfully 
used in groundwater exploration (Figure 1-2), 
since they are usually non-invasive and relatively 
cheap. Many of the measured physical properties 

the water content, e.g. electrical conductivity 
(DC resistivity or Electromagnetic methods), 
velocity of seismic waves (seismic methods) 
and dielectric permittivity (Ground Penetrating 
Radar).

Geophysics can and have contributed in many 
different hydrogeological objectives, here 
broadly categorized into three main areas (Table 
1-1). Still, there is a no unique signature of 
water in the above mentioned techniques, and 
the interference of clays can in many times 
complicate or in worse case induce errors in the 
interpretation. Magnetic Resonance Sounding 
(MRS) is a relatively new technique, which in 
contrast to other geophysical techniques gives a 
direct measure of the water content with depth, 
but also indirectly the mean pore size of the 
aquifer (Hertrich, 2008; Legchenko and Valla, 
2002; Yaramanci, 2009). MRS is hence able to 
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determine both storage and hydraulic related 
parameters far less ambiguous than classical 
geophysical techniques (Lubczynski and Roy, 
2005).

MRS is today an established technique that 
has already shown very promising result in 
mapping and hydrogeological parameterization 
(Legchenko et al., 2004; Plata and Rubio, 2008; 
Vouillamoz et al., 2007b; Yaramanci et al., 2002) 
in different geological environments. 

1.1 Aims

This thesis presents studies where the MRS 
technique has been tested in combination with 
other geophysical techniques in three different 
geological environments; (1) The sedimentary 
basin of Vientiane, Laos (Figure 1-3a), with 
naturally occurring salt in the bedrock as shallow 
as 50 m in depth, which inevitably affects 
drinking and irrigation water from deep wells; 
(2) In karst limestone, on the island of Gotland, 
Sweden, where saltwater intrusion, both recent 
and relic together with pollution from pesticides 
and fertilizers are major threats to an already 
exhausted drinking water supply (Figure 1-3b); 
(3) In Norrbotten, Sweden, where the presence 
of magnetic rocks and sediments have made it 
impossible to do MRS with a standard measuring 
procedure (Figure 1-3b). The MRS spin-echo 

Table 1-1 Traditional geophysical methods used (x) to map, estimate and monitor hydrogeological 
features, and parameters (after Singh et al. (2005), Kirsch (2006) and Knödel et al. (2008)).

(SE) technique have here been implemented and 

geological structures according to 
their relative hydraulic and storage 
related properties in the sedimentary 
basin of Vientiane, Laos (Paper I) 
Exploring the ability to distinguish 
freshwater aquifers from salt affected 
groundwater using MRS and VES 
(Paper I, Paper II).
Investigate the possibility to determine 
the quality of the groundwater 
directly from geophysical parameters 
and water chemistry data and assess 
the risk of contamination of existing 
groundwater supply (Paper II).
Evaluate the performance of four 
different geophysical techniques to 
characterize a limestone aquifer on 
the Island of Gotland, Sweden (Paper 
III).
Test and optimize the spin-echo 
technique in a geology with a 
magnetic bedrock and sediments 
in the surrounding area of Luleå, 
Sweden (Paper IV)

Hydrogeological Objective Grav. 1 Magn. 2 S. Refl. 3 S. Refr. 4 DC Res. 5 EM 6 GPR 7 MRS 8

Mapping objective
G eometry of subsurface interfaces or units x x x x x x x x
Water table x x x x x x
Top of bedrock x x x x x x x x
Fresh-S alt water interface x x x
Plume B oundaries x x x
Direction of flow x
Faults/Fracture zones x x x x x x x x
Hydrological parameter
Water content x x x x x x
Water quality x
Hydralic conductivity x x x x
Monitoring Objective
Water content x x x
Water quality x

Geophysical method

1) G ravity; 2) M ag netics; S eismic 3) R eflection 4) R efraction; 5) Direct current resistivity; 6) Electro-mag netic methods; 7) G round Pentrating  R adar; 8) 

M ag netic R esonance S ounding
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2  METHODS

For this thesis, the Complex resistivity (CR) 
method have been used to determine the 
resistivity of borehole samples from Gotland 
and Laos (Paper I and III) in the geophysical 
laboratory at Luleå University of Technology 
(LTU) and four different  geophysical techniques 

Radiomagnetotelluric (RMT) (Paper III); 
Vertical Electrical Sounding (VES) (Paper I-IV); 
Ground Penetrating Radar (GPR) (Paper III and 
IV) and Magnetic Resonance Sounding (MRS) 
(Paper I-IV). 

through the French company Iris instrument and 
their instrument Numis. The principal behind 
the method is governed from Nuclear Magnetic 
Resonance (NMR), which has been utilized in 
medical tomography (MRI), well logging, oil 
exploration- and different chemistry applications. 

2.1.1 The principle of NMR

MRS is based on the principal of Nuclear 
Magnetic Resonance (NMR). Hydrogen nuclei 
in water posses’ magnetic moments ( ), which 
can be described in terms of spinning charged 

Figure 1-3. Maps of the different study areas in a) Laos and b) Sweden.

Sweden

Luleå

Gotland

Norway

Finland

Denmark

b)

Vientiane

Laos

Vietnam
Cambodia

Thailand

Burma

China

a)
South-East Asia Northern Europe

Method Instrument Manufacture Interpretation software Manufacture

MRS Numis-Plus Iris Instruments Samovar Anatoly Legchenko1

RMT EnviroMT Uppsala University Rebocc (modified) Thomas Kalscheuer2

VES SAS4000 ABEM IPI2win Moscow State University 
GPR RAMAC Malå Geoscience Reflex2Dquick Sandmeier scientific software 
CR ComplexRes LTU* Mathcad-sheet Hans Thunehed3

*Luleå University of Technology; 1LTHE, Grenoble, France; 2 ETH Zürich, Switserland; 3Geovista AB, Luleå, Sweden

Table 2-1. Methods, instruments and inversion software used in the thesis.

2.1  Magnetic Resonance Sounding 
(MRS)

The Magnetic Resonance Sounding (MRS) 
technique, also known as Proton Magnetic 
Resonance (PMR) and Surface Nuclear Magnetic 
Resonance (SNMR), was developed in Russia 
during the 1980’s (Semenov, 1987), but became 

particles. Spin comes in multiples of ½, where 
individual unpaired hydrogen nuclei possess 
a spin of ±½. The magnetic moment of the 
hydrogen nucleus can be seen as a tiny magnet 
with a north and a south pole. When placed in 

B0, the hydrogen 

a low energy state (Figure 2-1a). A hydrogen 
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nucleus can absorb an electromagnetic wave, 
of angular frequency L, which depends on the 

       (2.1)

for hydrogen:

          (2.2)

This will cause the hydrogen nucleus to switch to 
a higher energy state (Figure 2-1a). The energy 
of the electromagnetic wave needed to cause a 
transition between the two spin states is given by

            (2.3)

where h is Planck’s constant. As the hydrogen 
nucleus returns to its low-energy state it will emit 
a second electromagnetic wave (Figure 2-1b).

Figure 2-1 a) Energy diagram showing the different spin 
states of the hydrogen nucleus. b) The nucleus returns 

b)

E

B

E=hωL

a)

N
S

N
S

N
S

Figure 2-2. a) The magnetic moment  of hydrogen 

Excitation of the nucleus by tilting the  by an angle of 
 into the x-y plane. c) Relaxation of the nucleus while 

The phenomena can also be explained from a 
vector diagram (Figure 2-2a), where the magnetic 
spin moment of the nucleus, a vector,  is aligned 
with B0, precessing with a frequency of L. When 

B1 is applied (Figure 
2-2b),
with an angle of , where only the perpendicular 
component of B1
force. As B1 is turned off,  returns back to its 
equilibrium state (Figure 2-2c) generating an 

Larmor frequency while realigning with B0 in a 
precessional motion.

X

Y
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Y
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Relaxation

μ

θ

B1

B0

Precession

Secondary
EM-field

μ

μ

02 BfLL

LfhE 2

)(04258.0)( 0 nTBHzfL



6

Magnetic Resonance Sounding (MRS) in groundwater exploration.

2.1.2 The MRS method

The magnetic resonance phenomena from a 
macroscopic point of view is described by the 
Bloch equations (Legchenko and Valla, 2002), 

given volume of water (dV) aligned with B0 in 
thermal equilibrium is given by 

            (2.4)

where N is the number of hydrogen nuclei per unit 
volume, a is the absolute temperature, k, h and 
are the Boltzmann’s, Planck’s and gyromagnetic 
ratio constants, respectively. MRS measurements 
are usually conducted with a square loop (Figure 

B1 is created 
by a pulse, q=I0  of alternating current (I0) and 
duration ( ) in the Larmor frequency. This will 
produce a non-zero tilt angle 

            (2.5)

on M0, where B  is the perpendicular component 
ofB1(Figure. 2-3b). The pulse moment is followed 

by a 40 ms “dead time”, where the system 
switches from transmitting mode to receiving 
mode. The decaying signal e(t,q) induced in the 
antenna (Figure 2.3c) by the relaxation of the 
hydrogen nuclei are proportional to M =M0 sin

 and can be approximated by

             (2.6)

where 2* is the decay time constant, which 

has decreased to one third of its initial value; 
 is the phase shift created by an electrically 

conductive medium. E0 is the initial amplitude 
of the signal:

             (2.7)

where r is here the coordinate vector and w
 is the water content of the volume

dV.

akT
hBNM

4

22

00

q
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rB

0
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2
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))(sin()(),( )(*/
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2 qteqEqte L
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)()()),(sin()()( )(2
1

0

0
0

0 rdVrwqrerB
I
MqE

V
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the mid point of the loop. c) MRS measuring sequence: (1) noise, (2) excitation pulse and (3) relaxation signal.
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2
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b)
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2
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Loop

1

z



7

METHODS

From equation (5) and (6) it can be deduced that 
E0 is linearly dependent on the water content w(r).
The pulse moment q on the other hand is non 
linear, where the maximum signal contribution is 

from where the sine function peaks (Equation 
2.7). By systematically increasing q, the signal 
contribution from hydrogen nuclei will move 
deeper into the subsurface, which makes it 
possible to probe vertically the subsurface for 

(w(z)) can be determined from inversion (Figure 
2-4b):

return the same theoretical sounding curve E0(q).
The vertical resolution or the depth range subject 
to equivalence is determined from the magnetic 

the gradients are larger, resulting in higher 
resolution that with depth is deteriorated.  In this 
thesis, the commercial software Samovar, based 
on the least square solution with regularization 
has been used (Legchenko and Shushakov, 
1998). In standard 1-D MRS investigation, other
inversion schemes are also available (Braun 
et al., 2005; Guillen and Legchenko, 2002a; 
Guillen and Legchenko, 2002b; Hertrich and 
Yaramanci, 2002; Mohnke and Yaramanci, 2002; 

0
0 )(),()( dzzwzqKqE

yx

dxdyqrrB
I

MzqK
,

1
0

00 )),(sin()(),(

Figure 2-4. a) Sounding curve (E0
line) and smooth (continues line) inversion models.
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             (2-8)

where K(q,z) is a convolution of kernel 
functions, that takes into account the parameters 

conditions, choice of loop etc) with   

             (2-9)

and could be thought of as the response of a thin 
water layer at depth z q. The inverse 
problem is ill-posed, meaning the solution is not 
unique. Within a certain depth range, two layers 
with different thickness and water content but 
with the same product 1·w(z)1 2·w(z)2 could 

Müller-Petke, 2009; Weichman et al., 2002) and 

geometry and (2) variable geometry inversion. 
Fixed geometry inversion (1), assumes a model 

thickness (decreasing resolution) with depth, 
where only the water content is allowed to 
vary. The parameter of regularization can be 

the experimental data and the smoothness of 
the solution. If the data are contaminated with 
noise (scattered data points) more weight 
can be allocated to smoothing, whereas if the 
quality of the data is good (data points varying 

solution and hence increasing the resolution 
(Legchenko, 2007). Hertrich (2008), argues 
that this type of inversion lead to “smearing” 
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of layer boundaries and an overestimation of 
water content, however no a priori information is 
needed and aquifers in geological environments 
with smooth water content variation can be 
accurately determined. The second scheme (2), 
assumes a small number of layers, where both 
water content and layer thickness can vary. Here, 
prior geological information is necessary and 
the boundaries between layers are assumed to be 
sharp rather than smooth. From an interpretation 
point of view both schemes should be adopted 

subsurface aquifer structure and to evaluate 
the equivalence in the solution (Yaramanci and 
Hertrich, 2007). Lately, 2-D (Hertrich, 2008) and 
3-D (Legchenko et al., 2011; Paper III) inversion 
schemes have been developed to resolve more 
complex geological problems. For a more 
extensive, yet comprehensive review of the 
mathematical model behind MRS, see Plata and 
Rubio (2007)
and considerations of current MRS models.

2.1.3 Relaxation of the signal

In its simplest acquisition mode, MRS measures 
the free induction decay constant 2* using a 
single excitation pulse technique (see section 
2.1.2), where several relaxation mechanisms 
contribute to 2* (Grunewald and Knight, 2011; 
Keating and Knight, 2008; Kenyon, 1997; Roy 
et al., 2008):

            (2.10)

where 2B, 2S and 2D are the bulk, surface and 
diffusion relaxation, respectively and the term 

0
bulk relaxation ( 2B) is the decay time of the 
bulk water and it is mainly affected by the water 
molecule interactions and the concentration 

2S is 
controlled by the interaction of the hydrogen 
nuclei and the pore wall 

       
            (2.11)

where Spore pore is the surface-to-volume ratio 
(or mean pore size) of the saturated pore (Figure 
2-5), s is the surface relaxivity and controls the 

strength of the surface relaxation and is mainly 
affected by the amount of paramagnetic ions (i.e. 
unpaired electrons) such as iron and manganese 
on the pore wall. When the surface relaxation 
( 2S) is the dominating term, 2* becomes the 
link between relaxation time and hydraulic 
conductivity (Kenyon, 1997; Legchenko et al., 
2002).

02222 /1/1/1*/1 BTTTT DSB
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Figure 2-5. Relationship between pore size and the 
decay time of the diffusing water molecule.
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Keating and Knight (2007) has shown that the 
s varies for different iron oxides in soils and 

hence there is no universal relationship between 
surface relaxation and pore size, but a rough 
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The diffusion relaxation ( 2D) is the effect from 
magnetic gradients on diffusing water molecules. 
Finally, 
( 0) decreases the 2*, which often makes 2*
inappropriate to estimate hydraulic properties of 
the aquifer. Large magnetic gradients could also 
underestimate the water content (Vouillamoz et 
al., 2011) and in the worst case reduce the 2*
below the threshold of the instrument detection 
limit (Roy et al., 2008). 

transverse relaxation constant ( 2MRS; relaxation 
in the x-y plane) can be estimated by applying 
a double pulse technique using the Spin-Echo 
(SE) method (Hahn, 1950)
pulse (q1), due to magnetic inhomogeneities, the 
individual magnetic moments of the hydrogen 
nuclei are spinning at different rates, some faster 
and some slower (Figure 2-6a(2)), dispersing the 

magnetization and shortening the relaxation time 
( 2*) of the signal. The second pulse (q2=2q1)

(3) to the other side of the x-y plane. The 
nuclei with higher Larmor frequencies are now 
behind whereas the nuclei with lower Larmor 
frequencies are ahead. At the time of e after 
the second pulse all the spins are once again in 
phase creating a (4) rise in the relaxation signal 
(e ). By measuring the SE response for different 
values of e, 2MRS can be estimated (Figure 2-6b).
This will remove the effect of magnetic gradients 

0. By extrapolating e  to time zero, the initial 
amplitude SE0 can be determined for different 
q and hence the water content distribution with 
depth. Due to the long extrapolation time, the
effect of diffusion could cause an underestimation 
of 2MRS and also induce error in the water content 
estimation (Legchenko et al., 2010; Vouillamoz 
et al., 2011). However, this effect has not been 
thoroughly investigated. 
From numerical modeling (Legchenko et al., 
2010), it can be seen that the SE signal is about 
25 % smaller than the FID signal. Moreover, 
due to magnetic inhomogeneities, SE signals 
have wider frequency band, consequently the 
pulse duration must be set shorter (10-20 ms) 
than normal FID (40 ms) measurements, which 
will decrease the depth of penetration to about 
60 % compared to FID measurements. The 2*

Relaxation time Petrophysical Information MRS
T2* < 3 ms Clay bound water
T2* < 30 ms Sandy clays
30< T2* <60 Clay sands, very fine sands
60< T2* <120 Fine sands
120< T2* <180 Medium sands
180< T2* <300 Coarse and gravely sands
300< T2* <600 Gravel deposits
600< T2* <1500 Surface water bodies

Undetectable

Detectable

Table 2-2. Typical values of T2* for different geological 
materials (Allen et al., 1997; Shirov et al., 1991)

Figure 2-6. Schematic 
time diagram for a SE-
measurement, showing a) 
the behavior of the magnetic 
moments ( ) during b) a 
typical measuring sequence 
with the time delay  (after 

et al., 2011).
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can be determined from the width (time) of the 
spin-echo signal at e  multiplied by the factor 
0.424. The shorter 2*, the more distinct and 
narrow SE signal.

The longitudinal relaxation constant ( 1MRS;
relaxation along the z-axis) is only sensitive 
to B and S and can be estimated by applying 
a saturation recovery sequence of two pulses 
(Dunn et al., 2002)
(Figure 2-7a-b), the magnetization (M) (2) will 
gradually relax to its equilibrium state, while (3) 

(Legchenko et 
al., 2004). This will tilt the recovered longitudinal 
component into the measureable x-y plane, 
whereas the transverse component will be tilted 
in the (non measurable) longitudinal (z) direction. 
The second pulse will hence carry information 
about 1. In this way, the initial amplitudes of 

between the two pulses can be used to estimate 
1MRS (Figure 2-7c). 1MRS are usually < 100 ms 

sand and > 500 ms for gravel and karst aquifers 
(Legchenko et al., 2004).

2.1.4 MRS related to hydrogeological 
parameters

The relationship between MRS and 
hydrogeological parameters are dealt with in
Lubczynski and Roy (2003; 2005; 2007). The 
occurrence and movement of groundwater 
depends on the subsurface characteristics like 
lithology, texture and structure. An aquifer is 
a natural geological formation that contains 

from wells or springs. Rock formations that 
serve as aquifers are usually gravel, sand and 

the water table is in direct contact with the 
air of the unsaturated zone and it is hence at 

the water pressure is therefore higher than the 
atmospheric pressure. The piezometric surface is 
here an imaginary surface for which water would 
rise if a well was drilled into the aquifer. 

The total porosity ( ) is a measure of voids in the 

Figure 2-7. Schematic time diagram for a -measurement, showing a) the magnetization during b) 

saturation recovery function.
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pore volume Vp and total volume V. Porosity is of 
two types: (1) Primary porosity governed from 
the rock formation and (2) secondary porosity 
developed through weathering . A 
more useful term hydrogeological applications is 
the effective porosity ( e), which only include the 
porosity available for transportation of liquids. 
Subsurface water can be divided into two zones 
(Figure 2-9); (1) In the saturated zone, the pores 

the unsaturated zone, the voids contain a mixture 
of water, moisture and air. The part of water that 
can attach to the grain walls due to molecular 
forces are called bound water ( b). The remaining 
part is free water ( f). f in the unsaturated zone 
can further be divided into three different types of 
water: (1) Gravitational water ( g) can be drained 
from the soil/rock due to the forces of gravity 
or hydraulic head gradient from e.g. pumping; 
(2) Trapped ( t) water is part of the unconnected 
porosity and (3) Capillary water ( c) are held 
by capillary forces against the pull of gravity. 
In the saturated zone, f can be trapped ( t) or 
mobile water ( m). Short signals ( 2*<30 ms) 
refers to bound water ( b) and is undetectable 
with current instrument limitation (40 ms dead 
time). Therefore, MRS water ( MRS) is equal to 

f
since the limit between bound and free water are 
dependent on the mineralogy (Lubczynski and 
Roy, 2005). This implies that in the unsaturated 
zone

           (2.12)

and in the saturated zone

            (2.13)

The total porosity ( ) and the free water ( f) are 
not good measures of the extractable water from 
the aquifer, since some part of the water can be 
bound or trapped. Effective porosity ( e) is more 
related to this concept but it lacks good methods 
for determination. In the saturated zone, in coarse 
grained aquifers, neglecting t, the MRS becomes 
a rough estimate of the effective porosity e.

The ability of an aquifer to store water is called 

Sy
as the volume fraction of water that is drainable 
due to gravity forces, i.e. g (Figure 2-9). In the 
same way, water held by molecular and surface 

Sr
( b t c). Together they form the total porosity. 
The relationship between Sy and MRS has shown 
to be quite complex as reported by Boucher et al.
(2009) and Vouillamoz et al. (2005)
aquifers, where the piezometric surface remain 
above the bottom of the groundwater table, the 
storativity depends on the elastic storage (Se),
which is the water that can be released due to the 
compressibility of the rock matrix and the pore 
water and cannot be derived directly from MRS. 

The hydrostatic column (HW) [m3/m2] gives 
a direct volumetric estimate of the free water 
content with depth ( ), under the assumption 
that MRS f . Hw can be estimated for the targeted 
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aquifer of arbitrary depth intervals ( ), e.g. 
maximum MRS investigation depth:

           (2.14)

and can be more reliably estimated by MRS 
than any other hydrogeological parameter, since 
the product of MRS and  is less sensitive to 
equivalence than the individual parameters by 
them selves.

Hydraulic conductivity [m/s] is a measure of the 
ability of a medium to transmit water of and is 
governed from Darcy’s law (Darcy, 1856). For 

the parameter transmissivity better describes 
the ability of the aquifer to transmit water. The 
transmissivity [m2

of the average hydraulic conductivity and the 
saturated thickness of the aquifer. There is a 
relation between the decay time ( 1MRS) and the 
mean pore size of the aquifer (see section 2.1.3) 
and it has been shown that MRS can determine 
the transmissivity of the aquifer through:

           (2.15)

where C
from pumping test transmissivity P and MRS 
parameters (Plata and Rubio, 2008; Vouillamoz 
et al., 2007a).

2.1.5 Factors influencing the signal

the (1) conductivity of the subsurface, (2) the 

(3) the amount and distribution of water and (4) 
electromagnetic noise. The later two (3 and 4) 

separately in section 2.1.6. 

High conductivity layers will cause phase shifts 
and attenuate the MRS signal and thus affect 
the performance of MRS with reference to 
penetration depth and validity of the groundwater 
model (Legchenko et al., 2008; Shushakov, 
1996). In the Vientiane Basin, Laos, salt affected 
conductive layers (Paper I and II) inevitably 
affects the MRS performance. Modelling using 
Samogon for a 100 m square loop (Figure 2-10a; 
Paper I) for a 10 m thick water layer situated at 

illustrates the detection limit for different 
geological units within the Vientiane Basin. The 
instrument noise threshold is here set to 10 nV 
and it can be seen that the salt affected Thangon 
Formation (K2tn) only has a detection limit 

Saysomboun Formation (K2sb) unit has a 

is sometimes higher than 10 nV, which could 
further diminish the penetration depth. However, 
the depth of penetration corresponds normally 
to the loop diameter/side for 
maximum E0 for a 10 m thick aquifer situated at 
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a depth of 15 m, which is typical Vientiane Basin 
condition, plotted against different resistive half 
spaces, shows that for 
weakened and for 
highly underestimated if the resistivity is not 
correctly accounted for.

difference in signal amplitude between Luleå, 
Sweden and Vientiane, Laos. 

Figure 2-10. a) Diagram 
illustrating the MRS 
performance and 
penetration depth in 
different geological units 

basin, Laos, due to 
among other things 
electrically conductive 
sediments. b) The effect of 
a conductive subsurface 
on the estimation of water 
content if no electrical 
model is available.

The signal of the water varies also with the 

60000nT ~ 2500 Hz) and weakest around the 
equator (ca 30000 nT ~ 1200 Hz). With lower 
Larmor frequency, the penetration depth should 
increase according to the skin depth formula 

L)0.5). However, since it can be seen 
that both L and M0 are linear functions of B0
(Equations 2.2, 2.4), it becomes evident that E0
~ B0

2 (Equation 2.7). The MRS signal is hence 

consequently higher Larmor frequencies. This 
can be illustrated for the same aquifer modelled 

Laos and Luleå, respectively. There is a 10 % 

The affected area of a loop has been modeled 

corresponding Gotland, Sweden (Figure 2-11b). 
It can be shown that the maximum investigated 
area could be approximated by a distance 
equivalent to 1.5 times the loop side, measured 
from the loop center (Figure 2-11b). The 

the sensitivity of the loop to water. In the northern 
hemisphere, the B  is stronger in the southern 
part of the loop (Figure 2-11b), whereas in the 
southern hemisphere it will be the opposite. At 
the magnetic equator or at the poles the sensitivity 
pattern will instead be symmetrical and stronger 
in the centre of the loop or at the edges of the 
loop, respectively (Girard et al., 2007).
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2.1.6 Instrument and fieldwork

In the last couple of years several advances have 
been made in decreasing the measuring dead-
time of the MRS system (Walsh et al., 2011);
multi-channel system to facilitate Magnetic 
Resonance Tomography (MRT) and noise 
suppression (Dlugosch et al., 2011). The data 
retrieved for this thesis have been acquired with 
a standard Numis equipment (Figure 2-12; Iris 
Instruments). Numis utilizes a DC/DC converter 
to increase the voltage from the 24 V parallel 
connected batteries to 400 V, which will generate 
pulses up to 4000 V and current intensities up 
to 600 A by the generator in the main unit (Iris-
Instruments, 2005).

In MRS the size of the loop constrains the depth 
of penetration. From a qualitative point of view, 
the shape, the amount of water and location of 
the aquifer can be indicated from the sounding 
curve (Figure 2-13). The maximum amplitude 
of the signal will decrease for deeper positioned 
water layers and for aquifers with multiple layers, 
it might be problematic to differentiate several 
water bearing layers from one thick layer as the 
resolution decreases with depth. It can be shown 
from modelling that MRS is able to determine 
the geometry of the aquifer reasonably accurately 
down to roughly half the loop size. 

One of the main limitations of the MRS method 
is electromagnetic (EM) noise. The MRS signal 
usually varies between ten to a couple of thousand 
nV using 100 m square loop and the ambient 
noise is often higher. Noise can be natural and 
caused by magnetic storms, thunderstorms 
etc., or man made, generated by power lines, 
cars, electrical fences etc. Industrial noise is 
considered to be a superposition of harmonics of 
the industrial frequency 50 or 60 Hz. The MRS 
signal is severely affected by noise and different 
approaches can be applied to remove or at least 
decrease the noise during acquisition and data 
processing (Legchenko, 2007).
In order to improve the signal-to-noise ( )
ratio a stacking procedure is utilized during 
acquisition. In case of non correlated natural 
noise the S/N-ratio should increase  times, 
where n is the number of stacks. In addition, in 

be applied for the 50/60 Hz harmonics closest to 

Figure 2-12. The Numis-Plus equipment consisting of 
a main unit, a DC/DC converter, batteries, a capacitor 
tuning unit and 400 m of cables.
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effective, but should be handled with care. If the 
Larmor frequency is close to one of the power 
line harmonics, the MRS signal can be distorted 
or in worse case cut off completely (Legchenko
and Valla, 2003).
Ambient noise >2000 nV within the loop can 

(Anatoly Legchenko, Personal communication). 
However, the eight shape loop (Figure 2.8; 

decrease the noise (Figure 2-14b). For such 
n1 and n2) cancel each 

other out because the loop is crossed and therefore 
their corresponding surfaces have opposite signs. 
The signal on the other hand add to each other 
and the  ratio can in this manner increase 
substantially, with the disadvantage of decreased 
penetration depth. In the Luleå area (Paper IV), 
MRS measurements have been conducted with 
two separated square loops (Figure 2-14c), 
where the distance between the loops are equal 

also provides larger signals.

The practical steps to carry out an MRS have 
been dealt with in Bernard (2007), where 
the most important pre-measurements and 
adjustment of signal parameters includes; (1) 
Examining the lateral variation of the noise, 

susceptibility over the affected area of the loop; 
(2) Adjusting the loop to meet the local noise 
condition, the depth of penetration needed to 
accurately resolve the aquifer and then tuning the 
capacitors to maximize the current in the loop; 
(3) Perform a test measurement to determine the 
Larmor frequency and optimizing the number 

measurements, (4) the pulse durations (P1 and 
P2) needs to be set so that the frequency spectra 
of q1 and q2 are wider than the spectra of the SE 

q2=2.q1; (6) 
The length of the FID2 needs to be estimated to 
set the delay between q1 and q2 in such way that 
the arrival time of the SE can be disposed later 
than the duration of the FID2 signal. This will 
avoid a mixing of FID and SE signals. 

measured is from water are: the stacked signal 
should be stronger than the noise (1) and decaying 
(2) (Figure 2-15). The frequency of the signal 
should be ±1Hz from the transmitted excitation 
frequency (3). In case of SE measurements, (4) 
the SE signal should be recorded at time 2 e after 

signal.

The Numis system has an instrument noise (IN),
which can be stacked down to 3-5 nV. The 
ratio should be >2 for a reliable quantitative 
interpretation (Legchenko, 2007), which 
means that the lower threshold for detecting 
and quantitatively interpret a signal is 10 nV. 
Furthermore, a smooth transition of phase, 
frequency and decay time on the sounding curve 
is a quality insurance of the data. 

Figure 2-14. Different types of loop set-up (after 

Figure eight loop; c) Two square loop.
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2.2 DC Resistivity

The DC resistivity method is thoroughly 
discussed in Parasnis (1997). Resistivity ( )

describes how well that material inhibits current 

mainly determined by the content and salinity of 
water (Figure 2-16; section 2.2.1). The inverse of 
resistivity is called conductivity (  [S/m] and is 
also used in geophysical literature.

DC resistivity measurements are carried out by 
injecting a current (I) into the ground through 
two current electrodes and then the potential 
difference ( ) between two potential electrodes 
is measured (Figure 2-17a). Depending on the 

(or Mapping), Vertical Electrical Sounding (VES) 
or Electrical Resistivity Tomography (ERT) 
are used to map either vertical or horizontal 
structures of the subsurface, or both in the case 
of ERT. In this thesis only the VES method has 
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the centre point of the electrode array remains 

increased. The current will hence penetrate 
deeper and deeper and information from deeper 
sections of the subsurface can be retrieved. As 
the current moves through different layers with 
different resistivities, the measured potential 
( ) is somewhat of a weighted average from all 
the different layers. The resistivity of the ground 
is then calculated through a , where 
the subscript a denotes apparent, since several 
layers contribute the calculated resistivity. K is 
the geometric factor and is determined from the 

apparent resistivities are plotted against the 
current electrode spacing on a sounding curve 
(Figure 2-17b). 

The data from this thesis have been interpreted 

is made for the model parameters, i.e. the number 
of layers, and their corresponding thickness ( zi)
and resistivity ( i). The calculated curve is then 
matched against the measured in an iterative 
process, where the model parameters are updated 
until a given error criteria is met.

by Archie’s law (Archie, 1942), which is an 
empirically determined formula that expresses 
the resistivity as a function of the water resistivity 
( 0), the porosity ( ) and the water saturation (s).

            (2-16)

The value of n and m depends mostly on the 
wettability and cementation, respectively. If the 
mineral grains are insulators, then a = 1, which 
is the main condition for Archie’s formula. 
However, to a certain degree of decreasing 
resistivity of the mineral grains, a decreases too. 
The aquifer resistivity ( ) is deduced from the 
VES resistivity and 0 is determined from the EC
of water from the wells. Together they form the 
formation factor F= / 0. If the grains are non-
conducting (a= 1) and assuming that bound water 
and dead-end unconnected porosity is negligible, 
the porosity ( e) and 
hence the MRS water content ( MRS). If the aquifer 
is assumed to be saturated (s=1), the cementation 
factor (m
geological material. Vouillamoz et al. (2007b) 
argue that in an environment where aquifers 
are not free of low resistive clayey material, 
a rough estimation for the water electrical 
conductivity (EC) can still be made using a 
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from Gotland, Sweden, where the high resistive layers are associated with limestone and the low resistive 5th

layer relates to marl.

2.2.1 Estimation of the electrical 
conductivity (EC) of water

The resistivity , of a porous, water-bearing 
material, free of clay minerals can be expressed 

nm sa 0

linear relationship between  determined from 
VES and EC measured on water in wells. Other, 
more complex methods to determine water EC
in clayey soils and sandstones usually involve 
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determination of the cation exchange capacity 
(obtained in laboratory), which is not always 

dependent on the concentration and mobility 
of ions, where mobility is highly temperature 
dependent. Conductivity measurements of 
water are usually standardized for a temperature 

aquifer conductivity it is therefore important to 
correct for the true temperature of the water. The 
conductivity of most groundwater varies with 
about 2% per °C (Clesceri et al., 1998). 

2.2.2 Water quality parameters related to 
EC of water

Salinity is measured in Total Dissolved Solids 
( ), which is the total sum of cations and 
anions and the undissociated dissolved species 

however, can also be determined by multiplying 
the electrical conductivity (EC

C ). The C

n available water samples, where  and EC
have been determined: 

           (2-17)

The C  depends upon the types of salt present, 
i.e. the concentration and mobility of the different 
constituents, which makes it vary between 0.55-
0.90 for normal groundwater (Reynolds and 
Richards, 1996). The C  increases with higher 
concentration of ions, since their activity is 
reduced when they are more densely assembled 
and hence their ability to conduct current. Poorly 
dissociated calcium and sulphate ions will also 
increase the C .  is often used for evaluating 
the water quality for domestic usage. Water with 

 lower than 600 mg/l is considered to be of 
good quality (WHO, 1996).

The salt content is sometimes measured with 
reference to the level of chloride, which can 
also be directly related to EC. According to 
the Swedish Environmental Protection Agency 
(SEPA), chloride concentrations >100 mg/l 
can have a corrosive effect on metal pipes 
and concentrations >300 mg/l can cause taste 

differences (SEPA, 2000). The major source 
of natural chloride in groundwater comes from 
dissolution of halite. 

Water with a high mineral content (>150 mg/l 
as CaHCO3; WHO, 1996), primarily of calcium 
(Ca2+) and magnesium (Mg2+) ions, is considered 
as hard. Hardness of water is an important 
criterion for technical and esthetical reasons. 
Hard water can be expected in regions with 
large amounts of limestone (CaCO3) or dolomite 
(CaMg(CO3)2) (Reynolds and Richards, 1996). 
Hardness of the water with its polyvalent ions 
directly contributes to conductivity (Krawczyk 
and Ford, 2006; 2007). The total hardness (H )
can be calculated from the Ca2+ and Mg2+ content 
in the water from H 3] = 2.497 
[Ca2+ 2+  as described in 
Standard Methods 2340 B (Clesceri et al., 1998).

The amount of salts and especially sodium 
plays a vital role in judging the salinity hazard 
for crops and plants. Many plants are sensitive 
to high salinity and when the concentration of 
sodium (Na+) is high, it tends to be absorbed by 
clay particles, while replacing Ca2+ and Mg2+.
This exchange process reduces soil permeability 
and could result in poor internal drainage and 
hard, infertile soils (US Salinity Laboratory 
Staff, 1954). The sodium hazard of irrigation 
water is estimated by the Sodium Absorption 
Ratio: SAR=Na+ 2++Mg2+  and relates 
to the relative proportions of Na+, Ca2+ and Mg2+

content. SAR and EC are usually plotted together 
in a US Salinity Laboratory diagram to categorize 
and evaluate the usability of different water.

2.3 Radiomagnetotelluric (RMT)

The RMT (Radiomagnetotelluric) method 
makes use of the signal in the frequency range 
between 15-250 kHz from long-distance radio 
transmitters. Induction of currents in the ground 

the tensor RMT technique, two horizontal 

simultaneously. The ratio between the horizontal 

frequency are directly related to the resistivity 
of the ground. The signal at lower frequencies 

n

i

n

i
TDS cmSEClmgTDSC

11
///
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penetrates deeper into the subsurface and the 
variation of resistivity with depth can thus be 
determined.

then transformed into resistivity and phase at 
each frequency and station. The processing of 
the RMT data, is made with a band averaging 
technique (Bastani, 2001), where 8 frequencies 
from 14 to 226 kHz are used for the 2D-inversion. 
T
of Rebocc, Occam type, based on smoothing 
through regularization (Kalscheuer et al., 2008; 
Siripunvaraporn and Egbert, 2000). The RMT 
data were acquired with the EnviroMT system 
(Paper III), developed at Uppsala University 
(Bastani, 2001) and processed by Lena Persson, 
the Geological Survey of Sweden (SGU).

2.4 Ground Penetrating Radar (GPR)

Ground Penetrating Radar (GPR) is an 

continues short electromagnetic pulses 
are transmitted into the ground and part of 

boundaries or buried objects. The propagation 
of the radar waves depend on the electrical 
properties of the ground. The attenuation of the 
radar wave is primarily controlled by electrical 
conductivity, whereas the velocity depends on 
the dielectric constant ( ), which in turn is highly 

Differences in  between rock strata and objects 

processed and displayed against the two-way 
travel time in a radargram. GPR antennas for 
geological applications are normally in the range 
of 10 to 1000 MHz. The choice of antenna is a 
compromise between resolution and penetration 
depth. High frequency antennas, i.e. short wave 
lengths provide higher resolution, but due to 
higher absorption and scattering, have inferior 
penetration depth. 

In this thesis the Ramac GPR system from Malå 
Geoscience has been used with a 250 MHz 
shielded antenna (Paper III and IV). Data were 
collected with the common offset method, in 
which the transmitting and receiving antennas 

the signal-to-noise ratio, stacking were applied 
and a “hip chain” was used to measure the 

the data included “time zero” shift, amplitude 

2.5 Complex resistivity (CR; In 
laboratory)

With the complex resistivity (CR)/spectral 
induced polarization (SIP) method the resistivity 
and phase for a range of frequencies can be 
measured. The IP phenomena are believed to 
have two origins. (1) The electrical conduction 
in most rocks are electrolytic (ions in pore 
water), but when metallic minerals are blocking 
the pore path, the ions are hindered. This leads 
to an accumulation of charges along the grain, 
resulting in an increase of electro chemical 
potential over the metallic grain. When the 
current is turned off, the ions are dispersed 
leading to a slowly decaying potential (Electrode 
polarization). (2)  Clay bearing minerals can 

usually have a negative net charge, positive ions 
are attracted to pore boundary, resulting in a 
blocking of ions in narrow passages (Membrane 
polarization).The CR instrument used in this 
study (Paper I and III) has been developed at 
the petrophysical laboratory in Luleå University 
of Technology and measures the resistivity and 
phase for frequencies varying between 0.1 and 
30 Hz against a reference resistance that can be 
varied between 2, 10, 100 and 1000 k  for both 
cylindrical and cubic rock samples. The data has 

1978):

            (2-18)

using a Monte Carlo inversion scheme in 
MathCAD developed by Hans Thunehed 
(Triumf et al., 2000), where  is the resistivity 
at the frequency ,  is the DC resistivity and 
mc, t and c are the chargeability, time constant 
and shape factor, respectively. The chargeability 
and the time constant has shown to be correlated 
to the clay content and hydraulic conductivity of 
the rock, respectively (Pelton et al., 1978).

ci
mc )(1

111)(
t
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3 MAIN RESULTS AND 
CONCLUSIONS

A summary of the research from papers I and II 
(Vientiane Basin in Laos (section 3.1)), papers 
III (Gotland, Sweden (section 3.2)) and paper IV 
(Luleå; Sweden (section 3.3)) is here presented 
and will be discussed in the sections below.

3.1 Vientiane Basin, Laos

Most Lao people lives in rural parts of the 
country and are heavily dependent on dug wells, 
river and rain water as their main water source 
(Medlicott, 2001). Due to a high morbidity rate 

of domestic waste and excreta from farm animals, 
the “Project for Groundwater Development in 
Vientiane Province” was implemented by Japan 
International Cooperation Agency (JICA). This 
project aimed at raising the water supply ratio 
in the rural areas by drilling deep wells (JICA, 
1993). In total, 118 deep wells were drilled and 
when evaluating the project in year 2000, as 
much as 60 % of the wells were not used for 
drinking due to bad water quality or maintenance 
problem (JICA, 2000). The bad water quality was 
partially due to salt in the groundwater. Rock 
salt is naturally occurring within the basin in the 
Thangon Formation, at depths as shallow as at 
50 m (Long et al., 1986). The Vertical Electrical 
Sounding (VES) technique has widely been 
used to characterize aquifers and detect salt 
groundwater since there is a direct relationship 
between the amount and salinity of water and 
the resistivity of a geological material. However, 
using only VES, it is not possible to distinguish 
high conductive groundwater from e.g. increased 
clay content (Figure 2-16). By combining MRS 

characterize the different geological units within 
the Vientiane Basin; To distinguish freshwater 
aquifers from clay and salt affected groundwater; 
Moreover, explore the possibility to determine 
water quality parameters, such as Total Dissolved 
Solids (TDS), chloride and hardness, directly 
from geophysical parameters.

The Vientiane Basin is located in the very 
northern part of the Khorat Plateau (Figure 
3-1, inlet map). During the Cretaceous, due to 

relative sea-level rise, the plateau underwent 

isolated from the oceans. This created the 
Thangon Formation (K2tn; > 550 m), a unit 
with three salt layer separated by red-colored 

K2tn is
overlain by the Saysomboun Formation (K2sb;
<150 m). This formation originates from upper 
Cretaceous and is composed of red-brown clay-
stone that gradually changes to siltstone, which 
in turn is overlain by the Vientiane Formation 
(N2Q1-2) (<70 m) of Neogene to Quaternary 
origin and the stratigraphic units Q2-3 (<25 m) 
and Q4 (<0.5 m thick) of Quaternary origin. 
The Vientiane Formation and the Q2-3 unit have 
similar geological characteristics and will be 
treated as one stratigraphic unit (N2Q1-3) in this 
study. The N2Q1-3 is of alluvial origin and it is 
mainly composed of gravel, sand and clay. The 

is regarded as high. Underlying the Thangon 
Formation is the Khorat Group, consisting of 
formations largely composed of sandstone of 
Cretaceous and Jurassic age.

3.1.1 Main results

Data were collected from three areas (Figure 3-1). 
However, the measurements were concentrated 
to area 3, since it holds the majority of drilled 
deep wells. All together, 32 MRS and 39 VES 
were conducted together with 38 water samples 
collected from both shallow and deep wells. 
Where MRS and/or VES were performed close 
to boreholes with geological logging data, that 
data have been used to constrain the models. 
MRS and VES data have also been interpreted 

better evaluate the equivalence (Figure 3-2) and 
the risk of salinisation. 

The different geological units have been 
characterized according to water content, decay 
time ( 2*) (Table 2-2) and resistivity in all 
three areas. In the N2Q1-3 unit MRS has shown 

(high content of water) and penetration depth 
(Figure 2-10a). The geological cross section 
GH compiled from borehole data (JICA, 1994) 
and MRS and VES data, illustrates the soil and 
rock characteristics of the area 3 (Figure 3-3). In 
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general, considering all three areas, the N2Q1-3
unit with a thickness of up to 45 m comprises 
one or two water bearing layers with a maximum 
water content varying between 4 and 30 %. The 

2* varies between 100 and 400 ms, suggesting 

sand. The resistivity for the main water bearing 
layer varies considerably from site to site but 

ground water. The K2sb, found in area 3, is 
underlying the N2Q1-3 unit, and it has a fairly 
low water content (<2%). The resistivity is quite 

salt affected clay layer of K2tn has a resistivity 

most easily found in area 1 and 2, where also salt 
affected water has been detected (Figure 3-2b; 
Paper I). 

The presence of clay makes it impossible to use 
Archie’s empirical relationship (Equation 2-16) 
for estimation of water EC. Instead the measured 
EC of water from shallow (< 11 m deep) and 
deep wells (> 15 m deep) has been corrected for 
temperature and compared to the modeled VES 

relation between these conductivities is obtained 
for water from deep wells using 

, R2=0.69 (Figure 3-4a). 
For shallow wells (Figure 3-4b) the correlation 
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is poor (R2=0.26), and the conclusion is that 
no direct relationship can be found here. The 
vertical variations in the aquifer conductivity 

EC
samples collected from shallow and deep wells. 
The average conductivity of water from the 
deep wells (EC ) is higher than for 
water from the shallow wells ( )
and should to a higher extent contribute to the 
determined VES aquifer conductivity

The water quality parameters closest related to 
conductivity are Total Dissolved Solids ( ),
chloride and hardness. The TDS-factor (C ;
Equation 2-17) does not vary much in the three 
areas or types of water, with an average value 
of C  = 0.5, and a perfect correlation between 
EC and . The chloride concentration from 

water samples in different wells in the three areas 
are here plotted against the measured EC of the 
water (Figure 3-5a). The data is quite scattered 
and plots above the EC of the diluted chloride 
graph, which could be explained by other ions, 
in particular Ca and Mg contributing to the 
EC. Total hardness (H ) has also been plotted 
against EC
chloride. The conductivities relating to the limit 
for acceptable drinking water for , chloride 

that hardness is the limiting water quality 
parameter within the Vientiane basin. Using 
the relationship from deep wells above (Figure 
3-4a), this EC corresponds to a VES conductivity 

against the water EC from a) deep wells and b) 
shallow wells.

a) Deep wells

b) Shallow wells
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The salinity ( ) of groundwater is determined 

paths of the groundwater and climate factors. 
Therefore, the spatial distribution of 
[mg/l] in area 3 is here plotted together with 
the hydrostatic column (Hw) (Equation 2-14; 
Figure 3-6a) and the MRS transmissivity ( MRS)
(Equation 2-15; Figure 3-6b) for the N2Q1-3 unit,  
together with the resistivity ( ) of the main water 
layer (Figure 3-6c) and of the bottom constraining 
layer (Figure 3-6d). Due to the lack of pumping 

C could not 
be determined. MRS has instead been normalized 
by its highest value. The , which has been 
determined on water from 17 deep wells, is 
highest in the central part of the area (558 mg/l; 
well 8-4) and there is a trend of decreasing 
from the central part to the south and to the north. 

In the south central part the maximum Hw and 
MRS correlates well with each other and with the 

resistivity low of the bottom layer, which implies 
that the aquifer system is quite vulnerable here 
and that incautious drilling in this area could 
pollute the whole aquifer.

Most water from deep wells are not of NaCl-
type, and therefore does not originate from halite 
dissolution of the Thangon Formation, but rather 
from the natural dissolution of minerals as the 
water moves through the strata. Furthermore, 
the EC correlates better with Mg, Ca, possibly 
associated with limestone/dolomite weathering, 
than with Cl and Na (Halite). The low resistive 
clay layer of the Thangon Formation could 
here work as a salinity barrier, hindering the 
groundwater to mix with the halite. 
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3.1.2 Conclusions

MRS and VES combined have shown to be 
powerful tools for identifying and characterizing 
aquifers in the Vientiane Basin. Together they 
can discriminate between fresh water aquifers 
from salt affected water and conductive layers 
of clay and mudstone. The conductivity of water 
(EC) from deep wells has a fairly high correlation 
to the aquifer conductivity and the water quality 
parameters: , H  and to a minor extent Cl
have shown to affect the water EC. Contour 
maps of , Hw, MRS and 
the groundwater potential and risk of salinity. 
Altogether, this makes MRS and VES powerful 
tools for guidance of future drilling and water 
quality estimation.

3.2 Gotland, Sweden

Almost all drinking water in Gotland is 
groundwater and is mainly found in karst 
limestone. The unpredictable location and 
geometry of the karst cracks and caverns 

storage and movement, as well as contaminant 
transport (Eklund, 2005; Vattenmyndigheten, 
2007). Since most groundwater is formed during 
a period from November to April, a shortage 
of drinking water can occur locally during the 
summer months. The thin, and in some areas 
lack of, soil cover makes the aquifers vulnerable 
to contaminants originating from pesticides 
and fertilizers used in agriculture. Here, 25% 

of pesticides (Vattenmyndigheten, 2007). Also, 
from 149 investigated wells as much as 61 % 
of the wells carried water with raised chloride 
content (Eklund, 2005; Lindewald, 1985). These 
salt affected wells are not only located along 
the coastline but can be found as far as 20 to 30 
km inland, suggesting that the saline water not 
only originates from sea water intrusion but are 
also fossil. The dependence of groundwater for 
drinking and the complexity and vulnerability of 

to characterize groundwater supplies regarding 
their geometry, storage and hydraulic properties 
as well as connectivity over a wider area. 

The aim of this study is to test the performance 
of MRS with 3D inversion and other geophysical 

techniques like Radiomagnetotelluric (RMT), 
Vertical Electrical Sounding (VES), and Ground 
Penetrating Radar (GPR) to characterize aquifers 
in Gotland. 

The limestone lithologies in the central parts of 
Gotland have a thickness of 20 to 60 m and are 
dense and well indurated (Figure 3-7). Smaller 
faults and fracture zones occur frequently with 

the subsurface lithology in the eastern part of 
central Gotland. However, the core drilling at 
one locality, Ala-1 (Fig. 3-7), gives a detailed 
picture of the subsurface bedrock succession. 
Here, fractures occur relatively frequently and 
are commonly subvertical and undulating with 
a varying opening aperture. The porosity in the 
limestone is generally low (<5%) due to calcite 

to small fractures, molds and vugs, where the 
effective porosity differs from the total due to the 
isolated pores. The 50 to 60 m thick limestone 
sequences then gradually turn into beds of dark 
grey marl and marlstone with poorer aquifer 
potential.

The investigated area is located on the south-
eastern part of Gotland, about 10 km north-
west of the village of Ljugarn (Figure 3-7). 
Measurements have been made along a small 
road in a clear cut area within the pine forest 
(Figure 3-8). The soil cover is thin and outcrops 
of limestone can be found in the north-western as 
well as the south-eastern part of the study area. 

about 50 m above sea-level.

3.2.1 Main results

From Complex resistivity (CR) and porosity 
measurements of drill-cores from Ala-1, it is 
possible to estimate the resistivity of the limestone 
with a varying content of marl. Although the marl 
is impermeable it has a higher porosity and hence 
a lower resistivity. Thus, a relatively homogenous 
limestone has a resistivity of > 5000 m and a 
corresponding porosity of <1 %, whereas higher 

2000 m and porosities between 3 and 5 %. In 
one sample, the content of marl seems to exceed 
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the content of limestone and the resistivity is 
then as low as 140 m with a corresponding 
porosity of 10 %. With both the RMT and the 
VES methods, the high resistive potentially water 
bearing limestone can be distinguished from the 
underlying impermeable marlstone. The contact 

is determined at depths between 40 and 60 m, 
with marlstone closer to the surface at a distance 
between 150-250 m along the RMT cross-section 
(Figure 3-9a). The MRS section compiled from 
3D inversion, parallel to the RMT (Figure 3-9b), 
shows that the water content varies between
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0 and 2.7 % and is distributed from the surface and 
downward to about 50 m, with little or no water 

100 and 250 m. The RMT resistivity is also 
lower in the limestone in this section, which 
could suggest a greater concentration of marl as 

less measureable water by MRS ( 2*<30 ms). 
The maximum water content generally coincides 
with the high resistive limestone at depths of 20-
30 m, where one instead would expect a decrease 
in resistivity. From inversion of the decay time,

1MRS is  < 400 ms in all sites, which suggest 
that the aquifer medium is not associated with 
larger cracks, but rather with a more porous rock 
(section 2.1.3). In the north-western part of the 
area (outside the map in Figure 3-8) limestone 
outcrops and GPR clearly distinguish between 
the upper soil cover and the limestone located 
at a depth of 0.5 m in the western area, with 
a maximum of about 4 m in the middle of the 

seen in the resistivity section. RMT indicates 
a low resistive layer possibly associated with 

coordinates 100 and 300 m. From the MRS 
measurements no water can be detected at this 
depth, which implies that the indicated possible 
salt affected layer is associated with marlstone.

However, MRS can detect natural barriers 
separating water bodies from each other. The
two water content maxima in the north-western 
and south-eastern parts could be an indication of 
two different aquifers (Figure 3-9b), separated 
by limestone with a higher content of marl. 
Modelling of two blocks with water content 
and aquifer geometry corresponding to the 
investigated area, separated horizontally (Figure 
3-10a) illustrates, that at about 35 m apart the 
amplitude has decreased by 20 %. At about 100 
m separation, the amplitude decreases to about 
half and at about 180 m only 20 % of the signal 
remains (Figure 3-10b). This kind of barrier 

south than east-west direction. This is due to the 
asymmetry of the signal amplitude distribution 
between the two loops (Figure 3-10c) caused 

(Figure 2-11b). However, the results suggest the 

necessity of using both MRS and RMT to be 
able to locate these kinds of barriers since the 
decrease in signal amplitude as easily could be 
interpreted as a decrease in water content.

Figure 3-10. a) Modeling of the MRS signal from 

side-by-side loops in the North-South and East-West 
directions. b) The maximum amplitude decreases 

a separation of 180 m. c) The asymmetry in signal 
distribution between the two loops in South/North 
direction at a distance of 100 m is due to the inclination 
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3.2.2 Conclusions

The use of multiple techniques has shown to give 
a more coherent interpretation but also a more 
complete picture of the groundwater situation in 
the area. However, the shallow penetration depth 
of GPR and the lack of soil cover in some places 
of the investigated area make VES and GPR less 

With MRS, the main water layer is found 
between 10 and 60 m and with maximum water 
contents at depths of 20 to 30 m. The water 
content varies over the whole area between 0 and 
5 % and the 1MRS is less than 400 ms suggesting 
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that the aquifer medium consist of small
fractures, molds and vugs rather than larger karst 
fractures and cavities. The boundaries between 
the overburden, limestone and marl can be 

peak water content measured with MRS usually 
coincides with the most resistive sections of the 

with MRS, possibly separated by marlstone. 
From modelling it can be seen that a boundary 
between such two separated aquifer can be more 
easily discriminated in N/S-, than E/W direction. 
The MRS technique is the only method in this 
survey that actually detects water and hence can 
determine the vertical and lateral distribution of 
water within the aquifer. In combination with 

to characterize limestone aquifers in a geological 
environment such as in Gotland.

3.3 Luleå, Sweden

About 50 % of the drinking water in Sweden 
originates naturally from groundwater or 

or gravel deposits. The Magnetic Resonance 
Sounding (MRS) method could contribute in 
characterization of these types of aquifers. 
However, standard MRS measurements have so 
far been unsuccessful in investigating water in 
the northern part of Sweden. This is due to large 
magnetic gradients caused by the crystalline 
basement rock, high magnetic susceptibility of 
the soft sediments and electromagnetic noise 
in proximity to urbanized areas (Wattanasen 
and Elming, 2008). In this study, the recently 
implemented MRS spin echo (SE) technique 
(section 2.1.3) has been applied on ice roads 
in the Bothnian Bay (Baltic Sea) to test the 

the MRS signals and the reliability of MRS SE 
results. The MRS SE technique has further been 
tested on land for different soil types in and in 
proximity to groundwater supplies in the city of 
Luleå (Figure 3-11a), where the result has been 
compared and evaluated with geophysical and 
geological data. The measuring procedure has 
subsequently been tested and optimized to meet 
the conditions of magnetic environments. 

The investigated area is part of the Fennoscandian 
shield and consists of intrusive, volcanic, 
metamorphic and sedimentary rocks, mostly of 
1.9-1.8 Ga ages (SGU, 2009). Here, large positive 
magnetic anomalies can normally be associated 
with intrusive gabbros, whereas smaller positive 
anomalies are associated with granitoids. Low 

with meta-sedimentary rocks such as greywacke 
in the eastern part of the area (Figure 3-11b). 
The area is to a large extent covered with glacial 
till but glacial and post glacial sand deposits are 

silt. The magnetic susceptibilities for both rocks 
and sediments are in the range of 10-4 and 10-2 (SI 
units), but varies locally.

3.3.1 Main results

Two main ice roads, in the archipelago of Luleå, 
lead to the islands Hindersön-Storbrändön and 
Junkön, respectively (Figure 3-11). Two sets 
of MRS measurements have here been made: 
standard FID measurements during 2008-2009 
(Hindersön/ Storbrändön and SE measurements 
(Junkön (J2)) during 2010 with a 100 m square 

measured with sonar, the water resistivity 
distributions with depth in the sea have been 

intensity measurements have been made in a grid 
over the affected areas of the loop

The thickness of the water column at site J2 
is 16-17 m, with an ice and snow thickness 
corresponding to about 1 m. MRS have here 
been done with a q2=2q1, with a e of 450 ms. 
Both the smooth and blocky inversion slightly 

3-12a-c). This is most likely due to the large 

water column that attenuate the signals, which 
is not taken into account by the inversion. The 
water content is overestimated and the reason 
for this depends mostly on two factors; (1) The 

whereas in the Samovar inversion program 

temperature the net magnetization (M0) of the 
water is hence 7 % higher (Curie’s law; Equation 
2-4) and the water content is overestimated 
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accordingly. (2) The 1MRS has been estimated 
here to 2600 ms, whereas the 2MRS is only 
estimated to 1200 ms (Figure 3-12c). The 
relaxation is here enhanced due to molecular 
diffusion from the long extrapolation time. For a 
water content of 105-110 % (including the effect 
of low temperature on M0), the 2MRS should be ca 
1600 ms and the error in water content estimation 
is hence about 20 %.

correlate the MRS results in some sites but also 
to explain the absence of FID and SE signals 
at other sites. Overall, no FID signals could be 
detected at any of these sites and SE signals 
were only obtained at coarser sand deposits at 
e.g. Gäddvik (site G1) and Sandnäsudden (sites 
BA1 and BA2). Here, 2* was estimated from 
SE records to ca 30 ms and 35 ms, respectively 
(section 2.1.3), suggesting that FID signals 

e between pulses with Numis is approximately 
70 ms, which leads to a minimum extrapolation 
time of 140 ms (2 e). Therefore, signals that are 
attenuated faster will hence go unnoticed, e.g. in 

mean pore size, present at the other study areas. 

The main water supply of the town of Luleå is 
located in Gäddvik on a cape in the Luleå River 
(Figure 3-13a). It provides 61500 people with 
19 250 m3/day surface water from the Luleå 

some layers of silt. The SE measurement (Figure 
3-13b-d) was here made on the river bank, gently 
dipping towards Luleå River. The high ambient 

turning and moving the different squares of the 
two square loop. From a borehole consisting 
mainly of medium to coarse sand, the effective 
porosity has been estimated at ca 30 % and the 
hydraulic conductivity to 3*10-3 m/s. The water 
table is situated at a depth of 4.5 m as determined 
in a close by monitoring well (Figure 3-13e), 
leaning gently towards the river with a depth to 
the water table at about 2 m in the western part 
of the loop. Below 10 m, no signal is detected 
from GPR, which supports the location of a more 
electrically conductive layer at this depth. The 
data have been inverted with both a smooth and 
blocky inversion, with maximum SE amplitude 
of ca 80 nV (Figure 3-13b-c), for a 2MRS
estimated at 230 ms (Figure 3-13d). The result 
show that the aquifer consist of two main water 
layers, one starting at about 3 m depth, with a 
water content of about 30 %, corresponding 
well to the depth to the water table determined 

determined in the borehole, respectively (Figure 
3-13b). The second layer starts at a depth of ca 
15 to 17 m with a lower water content. In the 
smooth model a small undulation can be seen 
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gradient (shorter 2*) create a more distinct SE 
signal (section 2.1.3). The ice measurements 
are made over free water. Hence the effect of 

underlying rock on the free induction decay 
constant ( 2*) at the different sites can very 
roughly be determined from the maximum lateral 

the loop. There is a clear trend of decreasing 2*

The perturbation on 2* seems to be more 

more constant > 100 nT/’over the affected area 
of the loop’, with a 2* around 50 ms, instead of 
1000 ms (section 2.1.3).

MRS SE Measurements on land made with two 
separated square loops (section 2.1.6) have been 
complemented with VES and GPR in order 
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in the water content distribution between 6 and
10 m, which could be a sign of higher silt content 
in the sand layer.

For optimizing the MRS SE measuring design 
to meet the magnetic conditions in the northern 
Sweden, parameters such as (1) choice of 
measuring technique, (2) pulse duration, (3) 
frequency shifts and (4) estimation of 2MRS have 
been tested in one site, Sandnäsudden (BA1). 
The soils characteristics are here similar to those 
at Gäddvik, but the noise conditions are more 
favorable.

1. The choice of measuring technique, 
q2=q1 ( 1MRS 2MRS) or q2=2q1
( 2MRS), depends partly on the aim of the 
investigation and the site conditions. 
A q2=q1 scheme makes it possible to 

determine 1MRS along with 2MRS with 
greater depth of penetration but with 
a smaller SE amplitude. The q2=2q1
technique is hence more appropriate for 
noisier environments and for shallower 
investigation in geological environments 
where no FID is expected, which is the 
case in the Luleå area. 

2. SE signals have wider frequency band 
than FID signals and need therefore 
shorter pulse durations. The choice of 
pulse duration does not only affect the 
frequency band and hence the amount 
of water detected by MRS but also the 
depth of penetration since shorter pulse 
duration will decrease the maximum 
pulse moment. Three different pulse 
durations times (P P2) have been tested: 
10/20 ms, 15/30 ms and 20/40 ms, where 
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it can be seen that the pulse moment and 

the different pulse durations. However a 
P1 15 ms seems to be a best compromise 
for this type of deposit, considering depth 
of penetration and measurable water 
content.

3. Due to the magnetic gradients present 
in SE measurements, frequency shifts 
occur in the data. At site BA1, ±10 Hz 
frequency shift corresponds to a decrease 
in maximum SE amplitude of more than 
50 %, whereas ±5 Hz correspond to a 
decrease of 25 %. From inversion it can 
be seen that frequency shifts smaller 
than < 5 Hz have smaller impact on the 

water content and thickness. 
4. By measuring the 2MRS for different 

pulse moments with coherent values, the 
estimation of 2MRS seems to give reliable 
results.

3.3.2 Conclusions

MRS SE measurements have shown to give 
reliable results from measurements on ice 
over open water, although, 2MRS and hence the 
water content estimation are clearly affected by 
diffusion due to the long extrapolation time. From 

is noticed that gradients > 100 nT/’affected area 
of the loop’ can diminish the 2* from 1000 ms 
to < 50 ms. On land, the two separated square 

by careful adjustment of the loop layout. MRS 
SE showed to be suitable for locating aquifers 

to the instrument limitation of minimum delay 
time, leaving signals <140 ms unrecorded. 
MRS SE result from the site of the Luleå town 
water supply shows a good agreement with 
the estimated effective porosity and aquifer 
geometry from a nearby borehole and it has been 
showed that a standard SE measuring procedure 
with pulse durations of 15/30 ms works best in 
this type of geology.

4 SUMMARY

Groundwater from a global perspective 
provides about 50 % of the potable-, 40 % of 
the industrial- and 20 % of the irrigation water. 
For drinking water, deep groundwater has many 
advantages compared to surface water and 
shallow groundwater, since it demands little or 
no treatment and the access is secured against 
temporary droughts. However, drilling wells is 

knowing the groundwater potential, therefore 
development of techniques for exploration 
are of high priority. In this thesis, results from
three different types of geological environments
using the Magnetic Resonance Sounding (MRS) 
technique have been presented. MRS is based on 
the principle of nuclear magnetic resonance, and 
it is in contrast to other geophysical techniques 
directly sensitive to water.

The sedimentary basin of Vientiane, Laos, with 
naturally occurring salt in the bedrock at depths 
as shallow as 50 m, inevitably affects drinking 
and irrigation water from deep wells. Here MRS 
and Vertical Electrical Sounding (VES) together 
with water quality samples from shallow and 
deep wells have been used to characterize the 
different geological units in the basin as well as 
distinguish freshwater aquifers from salt affected 
water, conductive clay and mudstone with good 
results. The electric conductivity of the aquifers 
has then been compared with the conductivity 
of water from wells, with a poor correlation for 
shallow wells but a fairly good linear correlation 
for deep wells (R2=0.69). This is probably due 
to the higher water content and salinity of the 
deeper water contributing more to the aquifer 
conductivity. The water quality parameters most 
affected by the electric conductivity of water are 
total dissolved solids ( ), hardness and to a 
minor extent chloride. Contour maps of ,
MRS transmissivity, MRS hydrostatic column 
together with VES resistivity of the aquifer 

groundwater potential and risk of salinisation 
of the investigated area. Altogether, this makes 
MRS and VES a powerful tool for guidance of 
future drilling and water quality estimation.
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In karst limestone with underlying marl, on the 
island of Gotland, Sweden, saltwater intrusion, 
both recent and relic together with pollution 
from pesticides and fertilizers, are major threats 
to an already exhausted drinking water resource. 
Here, the performance of MRS together with 
VES, Radiomagnetotelluric (RMT), and 
Ground Penetrating Radar (GPR) was tested 

the central eastern part of the island. The use of 
multiple techniques has shown to give a more 
coherent interpretation but also a more complete 
picture of the groundwater distribution in the 
area. However, the shallow penetration depth of 
GPR and the lack of soil cover in some places of 
the investigated area make VES and GPR less 

the potentially water bearing limestone and 

by RMT and VES. The peak water content 
measured with MRS usually coincides with the 
most resistive sections of the limestone. There are 

by a more marl rich limestone. Modelling of 
two water saturated blocks separated from each 
other shows that such barrier would be more 
easily detected in N/S direction than E/W due to 
asymmetry of the signal distribution caused by 

information is important when evaluating the 
risk of dissemination of contaminations from e.g. 
salt or pesticides. Altogether, MRS is the only 
method in this survey that actually detects water 
and in combination with RMT, they become 

in a geological environment such as in Gotland.

In Norrbotten, Sweden, the magnetic 
environment has made it impossible to use 
standard MRS to characterize the many natural 
sand or gravel deposits, which constitutes 50 
% of the country’s drinking water resources. 
Instead, the recent Spin-Echo (SE) technique has 
been implemented and tested with measurements 
from ice, in the Bothnian Bay and on land, in and 
around the city of Luleå. Measurements from the 
ice showed reliable results in terms of geometry 
of the water column. However the water 
content was overestimated. This was due to the 
enhanced diffusion relaxation caused by the long 
extrapolation time in the SE-measurement. It 

was also shown that lateral magnetic gradients of 
100 nT/’affected area of the loop’ can diminish 
the 2* from 1000 ms to < 50 ms. On land, the 

by careful adjustment of the loop layout. MRS 
SE showed to be suitable for locating aquifers 

to instrument limitation of a minimum delay of 
70 ms, which means that signals relaxed sooner 
than 140 ms will not be recorded with current 
Numis technology. MRS SE result from the site 
of the Luleå town water supply shows a good 
agreement with estimated effective porosity 
and the geometry of the aquifer from a near by 
borehole and it has been showed that a standard 
SE measuring procedure with pulse durations 
of 15/30 ms works best in this type of geology. 
Small frequency shifts have little effect on the 
inversion result and 2MRS measurements for 
different pulse moments give coherent and thus 
reliable results.

The close relation with hydrogeological 
parameters and  the robust theoretical 
foundation of the MRS method makes it a very 
appealing technique to use in groundwater 
exploration. The often complex acquisition 
procedure and limitations concerning noise, 
electrically conductive mediums and magnetic 
inhomogeneities can be overcome. In the studies 

in the geological environments tested and 
morover MRS has decreased the ambiguity in 
the geological/hydrological interpretation. 
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The aim of this study is to define and characterize water bearing geological formation and to test the
possibility of using geophysical techniques to determine the hydrogeological parameters in three areas in the
Vientiane basin, Laos. The investigated areas are part of the Khorat Plateau where halite is naturally occurring
at depths as shallow as 50 m in the Thangon Formation. Magnetic Resonance Sounding (MRS) has been used
in combination with Vertical Electrical Sounding (VES) in different geological environments. In total, 46 sites
have been investigated and the MRS and VES recognized the stratigraphic unit N2Q1–3, consisting of alluvial
unconsolidated sediments, as the main water bearing unit. The aquifer thickness varies usually between 10
and 40 m and the depth to the main aquifer range from 5 to 15 m. The free water content is here up to 30%,
and the decay times vary between 100 and 400 ms, suggesting a mean pore size equivalent to fine sand to
gravel. The resistivity is highly variable, but usually around 10–1500 Ω-m, except for some sites in areas 1
and 2, where the aquifer is of low resistivity, probably related to salt water. Hydraulic and storage-related
parameters such as transmissivity, hydraulic column, have been estimated from the MRS. The MRS together
with VES has been shown to be a useful and important tool for identifying and distinguishing freshwater from
possible salt-affected water as well as the salt-related clay layer of the Thangon Formation. This clay layer is
characterized by very low free water content and a resistivity lower than 5 Ω-m and can be found in all 3 areas
at depths from 15 to 50 m.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lao People's Democratic Republic (Laos) is located in the middle of
south-east Asia bordering on Thailand, China, Burma (Myanmar),
Vietnam and Cambodia (Fig. 1a).

Laos possesses great water resources as it has been estimated that
35% of all water in the Mekong River originates from watersheds in
Laos, where 80% of the precipitation falls in the rainy season. The two
most important socio-economic sectors to take advantage of this
natural resource are irrigation and hydropower (STEA, 2001). The
annual renewable fresh water supply per capita amounts to
54,000 m3/person, compared to the current demand of 228 m3/
person. This makes Laos the richest country in Asia for renewable
freshwater per capita. Still, only 60% of the urban and 51% of the rural
population had direct access to a water supply in 1998 (STEA, 2001).
The Vientiane Basin is located in the central part of Laos on the outer
edge of the Khorat Plateau. In the basin, natural salt layers are found in
the Thangon Formation. This affects the groundwater quality in some

deep wells (JICA, 2000). Salinity problems are common in central Laos
and central-eastern Thailand and have been studied by among others
Srisuk et al. (1999), Wannakomol (2005), and Williamson et al.
(1989).

Most Lao people live in the countryside and are heavily dependent
on dug wells as their main water source, but also deep wells, river
water and rainwater are used (Medlicott, 2001). Dugwells usually dry
out during the dry period and in addition, water-borne diseases
caused by the infiltration of domestic waste and excreta from farm
animals, has led to a highmorbidity rate (JICA, 1993;Medlicott, 2001).
Deep groundwater has many advantages compared to surface water
and shallow groundwater, since it demands little or no treatment and
access is secured against temporary droughts. However, for explora-
tion the small topography difference in the Vientiane Basin makes it
difficult to evaluate the groundwater potential from the visible
physical environment. Deep wells are expensive and unprofitable if
drilling is made without knowing the groundwater potential and the
location of salt-affected groundwater. Therefore, basic information
that can guide drilling is essential.

One aim of this study is to investigate the efficiency of using
Magnetic Resonance Sounding (MRS) to define and characterize water
bearing geological formations according to their hydraulic and storage
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Fig. 1. a) Overview map inlet, showing the extent of the Khorat Plateau after El Tabakh et al. (1999) together with the Geology of the Vientiane province after Long et al. (1986). The
hatched rectangle defines the area where halite depths have been determined from the borehole data in Fig. 9. A and B, E and F, G and H and I and J define profiles along which
geophysical and geological data are presented. Three study areas are defined with rectangles and are shown in b) area 1, c) area 2 and d) area 3.
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related properties. Furthermore, we wish to explore the possibility of
distinguishing freshwater aquifers from clay and potential salt-affected
groundwater. This we do by combining MRS and Vertical Electrical
Soundings (VES) in a varietyof geological environments in theVientiane
basin. Resistivity methods have been widely used to characterize
aquifers since there is a direct relationship between hydraulic and
electrical parameters governed by electric conduction through porous
media and fluid flow (Archie, 1942; Sundberg, 1932; Worthington,
1993). However, resistivity methods only give an indirect image of the
water content and highly conductive sediments can easily be mistaken
for an aquifer. The MRS method is based on the application of Nuclear
Magnetic Resonance (NMR) and it gives a direct image of the freewater
content in the ground and hence the vertical distribution of an aquifer.
Similar MRS investigations have been made in Cambodia and in Burma
(Vouillamoz et al., 2002, 2007)

2. Study area

The Vientiane Province is located in central Laos (Fig. 1a), between
latitudes 18° and 18.67° and longitudes 102° and 103°. The central
part of the province is situated in the Vientiane Basin with an average
elevation of 170 to 190 m. This fertile flat lowland is mainly used for
agriculture. The surrounding mountain area is covered by forests with
elevations ranging up to 1600 m. The whole region is within the
drainage basin of the Nam Gnum and Mekong Rivers. Laos has a
tropical monsoon climate with a rainy season from May to October,
followed by a cool dry season from November to February and a hot
dry period from March to April. The average rainfall is about
1780 mm, but varies regionally. Temperature ranges from as high as
40 °C in the Mekong lowlands during the hot months to as low as 5 °C
in the mountain area in the winter (Stuart-Fox and Rooney, 2006).

2.1. Geology and hydrogeology

The Vientiane Basin is located on the very northern part of the
Sakhon Nakhon Basin on the Khorat Plateau (Fig. 1a). The Khorat
Plateau covers an area of 170,000 km2 between latitudes 101° and

106° and longitudes 14° and 19° in the region of north-eastern
Thailand and central Laos. During the Cretaceous, due to relative sea-
level rise, the plateau underwent periods of marine influx but was
sporadically isolated from the oceans. This created the Maha
Sarakham Formation, a three layer salt unit separated by red-coloured
siliciclastics of fluvial origin. Tectonics during the early Tertiary lead to
severe folding and deformation of the salt beds, creating a variety of
different salt structures such as domes, anticlines, synclines and ridges
as shallow as 50 m below the surface. The upper and middle parts of
the salt beds are often missing due to dissolution from groundwater
percolation. The evaporites include thick successions of halite,
anhydrite and potassic minerals like sylivite and carnalite (El Tabakh
et al., 1999).

The geology (Fig. 1a) and stratigraphy (Fig. 2) are summarized in
the section below using the Lao nomenclature proposed by Long et al.
(1986) withmodifications based on Thai stratigraphy (Lovatt Smith et
al., 1996) and hydrogeological data (JICA, 1993; Srisuk et al., 1999).

The equivalent of the Maha Sarakham Formation in the Vientiane
Basin is the middle Cretaceous Thangon formation (K2tn). It is most
easily found in the south-eastern part of the Vientiane basin, where
the salt beds have been mobilized into pillows and small diapirs. It is
mainly composed of salt-layer bearing anhydrite interbedded with
claystone of thickness less than 550 m and maximum halite thickness
of 340 m (Lovatt Smith et al., 1996). The depth to the salt layer
generally ranges between 50 and 200 m in the southern part of the
province (Long et al., 1986). The hydraulic conductivity (K) ranges
between 10−8 and 10−14m/s, the specific yield is in the range of (Sy)
10−7 and the average specific storage (Ss) is 2x10−9, which makes
the Thangon Formation an aquiclude or non water-bearing formation
(Srisuk et al., 1999).

The Thangon formation is overlain by the Saysomboun Formation
(K2sb) (not shown onmap). This formation originates from the Upper
Cretaceous and is constituted of red-brown claystone that gradually
changes to siltstone. The maximum thickness of the Saysomboun
Formation is 150 m. This formation is found in the middle and
northern part of the basin and has a K ranging from 10−8 to 10−5m/s,
a Sy of around 0.01 and a Ss of 10−6. The Neogene to Quaternary
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Vientiane Formation (N2Q1vc) has a thickness less than 70 m. This
formation is overlain by stratigraphic units: Q2–3 (b25 m) and Q4

(b0.5 m) of Quaternary origin. N2Q1vc and Q2–3 are alluvial deposits
found in abandoned river channels and contain mostly gravel, sand
and clay. Since they share the same characteristics they will be
referred to as the N2Q1–3 unit in this paper. The equivalent Thai unit
has a K ranging from 10−6 to 10−4m/s, with Sy around 0.15 and Ss
around 2 to 3x10−3. The possibility of developing groundwater in
this unit is regarded as high (JICA, 1993). The above-mentioned units
are all part of the Phon Hong Group. Underlying the Thangon
Formation is the Khorat Group, which among others consists of the
Champa- (K2cp) and Phu Pha Nang (J-Kpn) formations. These units,
up to 400 m and 350 m thick, respectively, are found primarily in the
western and eastern part of the basin. They are largely composed of
sandstone of Cretaceous and Jurassic age, with K ranging from 10−8 to
10−5 m/s, Sy of around 0.05 and Ss of about 5x10−6.

2.2. Investigation areas

Three areas were selected for geophysical studies (Fig. 1a), with
area 1 located about 20 km north of Vientiane in the district of
Thangon, area 2 located around 40 km northeast in the district of
Tholakhom and area 3 located about 60 km northwest of Vientiane in
the district of Phon Hong. Data have been collected from 46 sites, 32
MRS and 39 VES sites. The locations have been chosen according to
differences in geology, where geological data were retrieved from JICA
(1993), (1994) and the Department of Geology and Mining in
Vientiane (Long et al., 1986). In an initial survey, noise level
(b100 nV on noise analyzer), magnetic susceptibility (b10−3) of the
upper soils and accessibility were evaluated, which in most cases
resulted in dry rice paddies being chosen as measuring sites.

3. Geophysical methods and interpretation techniques

The MRS measurements in this study have been carried out with
the Numis-Plus equipment manufactured by Iris instruments. The
magnetic field was measured using a G 816 magnetometer (Geomet-
rics) with a resolution of 1 nT. The VES measurements were
conducted with a Terrameter SAS4000 (ABEM). Resistivity measure-
ments of core samples have been conducted in the geophysical
laboratory at Luleå University of Technology.

3.1. Magnetic Resonance Sounding (MRS)

MRS is a non invasive geophysical technique that energizes the
hydrogen nuclei in the groundwater by transmitting an electromag-
netic pulse at the Larmor frequency followed by a 30 ms dead time,
when the instrument switches from transmitting to receiving mode.
The resonance signal emitted by the hydrogen nucleus is then
recorded. The method and principles are thoroughly described in
Legchenko and Valla (2002), Lubczynski and Roy (2003) and
Yaramanci (2004). The initial amplitude (E0) of the received signal
is directly related to the free water content (θMRS) and the transverse
relaxation time T2* is a characteristic time for the loss of the spin
rotation coherence and is directly linked to the mean pore size and
magnetic susceptibility of the water-filled pores. Typical values of T2*
for different lithology classes are presented in Table 1 (Shirov et al.,
1991). Fine sediments, such as clay with a highwater content but with
most of its water bound to the pore walls, or sediments with high
magnetic susceptibility cannot be detected due to shorter decay times
than the current dead time limitation (30 ms) of the Numis
equipment. The MRS water content is therefore related to the free
water content and should not be mistaken for the total water content.
θMRS is determined from the inversion of E0 and is presented as a
function of θMRS, together with T2* versus depth.

In coarse grained aquifers, parameters such as porosity (η) and
effective porosity (ηe) can be roughly determined directly from the
inversion of E0. This is under the assumption that bound water and
dead-end, unconnected porosity is negligible (Lubczynski and Roy,
2003). Assuming that θMRS reflects η, (θMRS≈η), the specific yield (Sy)
or specific drainage (Sd) can be approximately estimated for
unconfined, or respectively confined aquifers as:

Sy;d = θMRS−SR ð1Þ

where SR is the specific retention, which can be determined by other
methods (Lubczynski and Roy, 2003) or retrieved from tabled values
(Table 1). In the confined aquifers, the specific storage (Ss) can be
calculated from:

Ss = ρg α + θMRSβð Þ ð2Þ

where ρ is the density of water, g is the acceleration of gravity, α and β
are the compressibilities of the aquifer andwater, respectively (Table 1).

The hydrostatic column (Hw) [m3/m2] gives a direct volumetric
estimate of the free water content as a function of depth. This is the
most reliable MRS parameter since it is less sensitive to equivalence,
than the water content and thickness alone. It is here estimated for a
depth extent, for which data are reliable.

HW = ∫
Z max

Z min

θMRS⋅Δz: ð3Þ

Access to pumping test data makes it possible to relate T2* and
θMRS to transmissivity (Legchenko et al., 2004) according to:

TMRS = CT ∫
Δz

θa⋅T�2
2 ⋅dz ð4Þ

where CT is an area specific constant derived from pumping test
transmissivity (Tp) data:

CT = ∑
n

i=1
TP�i =∑

n

i=1
ΔzMRSθ

a
MRS⋅T�22 ð5Þ

and a usually takes the value 1 or 4.
In our study, the geomagnetic field in the three areas had an

inclination of 24° and the field intensity varied between 43,620 and
43,850 nT equivalent to a Larmor frequency of 1859 to 1868 Hz. This
allowed notch filters to be used (F=50 Hz power line frequency),
since there is little or no influence on the MRS signal when the
harmonics of the power line frequency closest to the Larmor
frequency is greater than 8 Hz for a T2*=400 ms (Legchenko and
Valla, 2003). Depending on the noise amplitude, a 100 m square loop
or an eight shaped loop with a 50 m side length was used together
with a signal stacking typically of 64 to 100 stacks.

Table 1
Typical values of decay time (T2*) for different geological materials (Allen et al., 1997;
Shirov et al., 1991). Values of specific retention (SR) after Hamill and Bell (1986),
Johnson (1967) and Morris and Johnson (1967). Vertical compressibility (α) for some
geological materials and for water (β) (Domenico and Mifflin, 1965).

Decay time SR [%] α [m2/N] x10-8 Petrophysical information

T2*b3 ms 25–45 6.9–200 Clay bound water
T2* b30 ms Sandy clays
30bT2* b60 5–15 1.3–10 Clay sands, very fine sands
60bT2* b120 Fine sands
120bT2* b180 Medium sands
180bT2* b300 3–12 0.52–1 Coarse and gravely sands
300bT2* b600 Gravel deposits
600bT2* b1500 β [25°C]=4.8x10−10 Surface water bodies
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3.2. Vertical Electrical Sounding (VES)

25 VES measurements were conducted at or in close proximity to
the MRS sites and 14 individual VES measurements using a
Schlumberger configuration and AB/2 distances usually around 200–
300 m. Some interpretation problems for VES can occur within the
Vientiane basin, since the resistivities of salt water, saturated clay and
sand overlap. Due to the high resistivity contrasts between an often
highly resistive top soil and low resistivity brine saturated sediments,
interjacent freshwater layers of intermediate resistivity are difficult to
detect on the sounding curve (Kirsch, 2006). The VES also assumes a
1D layered earth, which is not always the case. Nonetheless, at two
sites, the VES measurements were made orthogonal to each other
(site 44 and site 35; see map in Fig. 8a) with very similar results
indicating that the 1D assumption is valid, at least in area 3.

Transverse resistance is also known as the Dar-Zarrouk variable
(Maillet, 1947). It is defined for a specific layer as:

TRi = ρi⋅Ti ð6Þ

Where ρi and Ti are the resistivity and thickness, respectively, for
layer i. TRi is free from the ambiguity of VES interpretation, where Ti
and ρ are subject to the principle of equivalence. Attempts have been
made to correlate TR with aquifer transmissivity (Niwas, 1981;
Ponzini, 1984; Salem, 1999), with good results in homogenous
geological environments where aquifer resistivity is insensitive to
variations in water resistivity (Niwas, 1981).

3.3. Interpretation techniques

The MRS data are interpreted using the inversion software
Samovar v6.2, an initial value inversion based on a least squares

solution with regularization (Legchenko and Shushakov, 1998).
Legchenko (2006) defines a lower limit of signal-to-noise ratio of 2
(S/NN2) for reliable interpretation. Due to equivalence, several
models can fit the data. The regularization parameter controls the
smoothness of the interpreted free water content distribution as a
function of depth. Other inversion algorithms are also used and the
result does not depend on the selected algorithm (Braun et al., 2005;
Guillen and Legchenko, 2002a, 2002b; Mohnke and Yaramanci, 2002).
The VES data are interpreted using the inversion software RESIST87
(Velpen, 1988). When geological borehole data exist, they have been
used to constrain the layer geometry. In the figures showing the VES
result, the last layer is hatched to indicate that the resistivity of the last
layer is poorly determined or information is unreliable below this
depth.

An example of the field data together with the interpreted model
from the site 11 in area 2, is presented in Fig. 3 together with
lithology and resistivity logging data from borehole BH-V50-2/2
retrieved in the fall of 1994 during drilling (JICA, 1994). The
transition in borehole resistivity varies smoothly in some boreholes
and abruptly in others. Assuming that the water content reflects the
change in resistivity, both smooth and blocky inversion of the MRS
data should be used. However, the VES and borehole resistivity
correlate poorly in most cases, which could depend on the different
seasons of acquisition. The MRS data are inverted according to a 40
layer smooth model with fixed layer geometry using the best
solution given by the regularization and according to a blocky
model controlled by the VES model geometry with interpretation
steps as follows. A first smooth MRS model, based on an electrical
model of 100 Ω-m half sphere, has been used to identify the
intermediate resistivity layers in the sounding curve, e.g. layer 3 at
site 11 (Fig. 3b) and to estimate the layer thicknesses in an initial VES
model. The inverted VESmodel has then been used to invert a second
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and final smooth MRS model and a first blocky MRS model. In the
blocky model, the layer thicknesses are then altered to improve the
model fit. If the main aquifer is within a low resistivity layer, the VES
signals usually become scattered and unreliable and the thickness of
the water layer cannot be determined from the VES model (e.g. sites
8–10; Fig. 6a). This leads to a trial-and-error technique to determine
the thickness of the aquifer layer in the final MRS blocky model. The
general trend is that the inverted MRS data seems to fit the raw data
quite well in the first pulse moments but loose coherency in the last
pulse moments (e.g. site 2; Fig. 4a), where the initial amplitude
usually is low. The MRS free water content (θMRS) and decay time
(T2⁎) are seldom coherent and often show an inversely proportional
relationship. That is, when θMRS is low, T2⁎ is usually long. This can be
explained by the low initial amplitude that creates an almost
horizontal exponential fit of the relaxation, hence creating an
artificially long T2*-value (Fig. 3a). For this reason, the T2*
corresponding to the peak water content in a water layer has been
used to represent the whole aquifer. Deep phantom aquifers can be
obtained, where the signal generated by shallow aquifers in higher
pulse moments is interpreted as a second, deeper aquifer, creating
artifacts of this type at site 2, site 31 and site 16 (Figs. 4a, 5a, 7a). The
phantom aquifer can be recognized from the negative phase shift
(Fig. 3d) of the signal for higher pulse moments (Legchenko, 2004,

2005). Removing the last pulse moments not only removes the
phantom aquifer but usually improves the model fit as well.

4. Results

4.1. Laboratory and field measurements

The complex resistivity measurements in the laboratory of dry
halite samples from the Thakhek area (central Laos) showed a
resistivity around 1.1 x106 Ω-m compared with the resistivity of rock
salt of 106 to 107Ω-m (Parasnis, 1997). Brine saturated sediments in
this present study have resistivities ranging from 0.5 to 5 Ω-m, as
supported by results from a Vietnamese study (Long et al., 1986).

4.1.1. Identification and characterization of geological structures
Area 1 holds the MRS and VES data (Figs. 4a,b, 5a,b) from sites 1–4,

24–26 and 30–31 (Fig. 1b). Here, the Champa Formation is the
dominant geological formation on the western border of the basin,
whereas the N2Q1–3 unit is dominant in the central part and the
Thangon Formation in the eastern part (Fig. 1b). The geological cross
sections along profile AB (Long et al., 1986) (Fig. 4c) and profile FE
(Fig. 5c) in area 1, show the extension of the N2Q1–3 unit and the
Thangon Formation in S–N, and NW–SE directions, respectively. In
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most parts, the N2Q1–3 unit holds coarser materials like sand and
gravel but also finer sediments like clay and silt. The Thangon
Formation on the other hand, is composed of clay and breccia
overlying rock salt, with poor potential for hosting aquifers. Both the
smooth and blocky MRS inversion usually identifies one shallow and
one deep aquifer in the N2Q1–3 unit (Figs. 4a, 5a). However, the
correspondence between the blocky and smooth inversions is usually
not very good. The shallow aquifer usually starts a couple of meters
below the surfacewith amaximum freewater content of 4 to 6% down
to a depth of 10 to 15 m. The deeper aquifer generally starts at a depth
of around 10 to 30 mwith a thickness generally between 10 and 30 m,
with a much better correspondence between the smooth and blocky
model. The maximum free water content for the different sites varies
between 5 and 25%, but is usually about 10 to 20%. The T2*-values
range from 70 ms to 150 ms, which correspond to fine to medium
sands as supported by boreholes in the area. The resistivities of these
water-bearing layers range between 10 and 1500 Ω-m. The aquifer
floor differs from site to site but it is usually located around 20 to 50 m
in depth, which corresponds well with borehole lithology. According
to borehole data, the Thangon Formation is located at depths of 40 to
50 m in profile AB (Fig. 4c) and at 25 to 50 m depth in profile FE
(Fig. 5c), with the exception for the south-eastern part in profile AB
(site 26) where it is found from the surface and downward. It is
characterized by a very low free water content and a resistivity lower
than 5 Ω-m (site 26; Fig. 4a). This is supported by measurement
conducted by Long et al. (1986). The Thangon Formation is indicated

in all the VES data as a low resistivity structure. However, due to the
AB/2 distances being too short or the field data too scattered, the true
resistivity can usually not be determined, except in site 26. The
negative gradient in the apparent resistivity curve still indicates a
layer with a very low resistivity at sites 24 and 30 and it is possible
that the aquifer at these sites is affected by salt. The indicated
downwards continuation of the aquifer (e.g. at site 24) at a depth of
30 m is the result of the reduced depth resolution, due to the very low
resistivity (Legchenko, 2008). The increase in the free water content
in the smooth model (N2%) at a depth exceeding 50 m (site 2 and site
31) is most likely the effect of a phantom aquifer.

Area 2 (Fig. 1c) is located in the eastern part of the basin, with the
N2Q1–3 unit as the dominating stratigraphic unit. The geological
borehole data are sparse here. The measurements have been
conducted both in the northern part (sites 5 to 7) as well as in the
southern part (sites 8 to 11; Fig. 7), but only sites from the southern
part will be presented here. Sites 8 to 11 are located approximately
500 m apart on a large rice paddy, with the Nam Thong creek dividing
site 11 from the other sites. The compositional change in geology with
depth is expressed in borehole BH-V-52-2/2 and is shown together
with the geophysical data from site 11 (Fig. 3a). Clay and laterite of the
N2Q1–3 unit is dominant in the upper part, which transcends to
medium sand at about 13 m in depth. At approximately 22 m depth
there is a change in the composition to mudstone of the Saysomboun
or the Thangon Formation. This agrees well with the main aquifer
identified by the MRS and VES with a corresponding T2* value of
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150 ms and a resistivity of 28 Ω-m. At a depth of 22 m the resistivity
and water content decrease rapidly, which is interpreted as brine-
saturated mudstone of the Thangon Formation. At an AB/2 distance of
200 m (Fig. 3b) the apparent resistivity increases, indicating a more
resistive layer, e.g. rock salt. Due to differences between the model
and the observed data a non 1D case is also possible with layer
resistivity values other than presented in Fig. 3b. At sites 8 to 11, the
maximum free water content varies from 10 to 30% with
corresponding T2* varying from 100 to 300 ms, suggesting an aquifer
consisting of medium to coarse sands (Fig. 6a). Themain aquifer starts
at around 5–15 m and continues down to about 20–30 m, except for
site 9, where it ends at a depth of 15 m. There is a good
correspondence between shallow and deep aquifers in both the
blocky and smooth inversion models (Fig. 6a,b). However, the blocky
inversion returns a model with a deeper aquifer that continues in the
confining mudstone, which cannot be seen in the smooth inversion
model. The resistivity of themain aquifer is usually very low, except at
site 11. In Fig. 6c the cross-section with interpolated free water
content illustrates the magnitude and position of the free water
content distribution on top of the N2Q1–3 unit and Thangon Formation.
The thick transparent line shows the rough limit between a high
resistivity layer and a low resistivity layer. The low resistivity layer is
situated within the main aquifer (Fig. 6c) at depths of 9 to 22 m,
suggesting saline water.

Area 3 encloses sites 12–23, 27–28, 32–46 and is located in the
narrowing northern part of the Vientiane basin (Fig. 1d) with the

Champa Formation on the western and eastern border of the basin,
the Thangon Formation exposed in the north and the N2Q1–3 unit in
the central part. The MRS and VES data (Fig. 7a,b) together with the
lithology deduced from the borehole data compiled along cross-
section GH (Fig. 7c) (JICA, 1994), illustrate the geophysical soil
characteristics of the area. The composition of the N2Q1–3 unit, here
also varies from clay to gravel. The thickness of the N2Q1–3 unit varies
from 45 m in the western part to about 5 to 10 m in the eastern part
(Figs. 7c, 8a).There are one to two aquifers identified by both smooth
and blocky inversions. The lower main aquifer is well defined by both
inversion schemes, while the upper shallow aquifer diverges in
appearance as in area 1. The first aquifer begins at 1 to 3 m below the
ground surface, with a thickness of 5 to 10 m. The second aquifer
begins at around 10 m depth with a maximum thickness of 25 m at
site 16. The maximum free water content varies from 4 to 16% and T2*
typically varies from 100 to 400 ms (Fig. 7a), with longer T2*'s in the
western part of the cross-section (sites 15, 16 and 28). The resistivity
of the main water bearing layer, defined by the maximum free water
content, varies considerably from site to site but usually ranges from
10 to 250 Ω-m. In the eastern part, about 4000 m along the profile, the
composition of the N2Q1–3 unit changes to a more clayey material,
indicated from the borehole data and the decrease in the free water
content below 4% and T2* lower than 100 ms. The Saysomboun
Formation underlying the N2Q1–3 unit, consists of mudstone or
siltstone and is found to be as shallow as 5 to 10 m in the eastern
part (Fig. 7c). The free water content here is fairly low (around 1–2%)

Fig. 6. a) Free water content (θ), decay time (T2*) and VESmodels from site 10, site 9, site 8 and site 11 in area 2 b)MRS data andmodel fit. c) Interpolated cross-section IJ of MRS free
water content [%] plotted over the geology. The limit between high (N100 Ω-m) and low (b2 Ω-m) resistivity is indicated by the thick transparent line showing that salt affected
water can be found at depths as shallow as in 10 m.
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with highly unstable T2* around 50 to 200 ms. The resistivity is fairly
constant around 8 to 25Ω-m. Only one MRS and one VES measurement
(site 18 and site 42; Table 2) has been conducted where the Champa
Formation is exposed and no water was found, however the resistivity of
the sandstone was determined to be 160Ω-m. Rocks or sediments from
theThangonFormationhavenotbeenobserved inanyboreholes inarea3,
but the VESmeasurements from themiddle of the basin (e.g. sites 15, 16,
22 and 44), give resistivities (b5Ω-m), that may indicate the existence of
this formation as characterized in areas 1 and 2.

4.1.2. MRS and VES related to hydrogeological parameters
In one single well (well 1-1; 22 m deep) (Fig. 8a,b), an 8 hour

continuous pumping test has been performed together with the
associated recovery test (JICA, 1993). The recovery test is shown here
(Fig. 8b) together with the adjacent borehole V1-2/2 (JICA, 1994). The
main aquifer comprises gravel embeddedwith clay to a thickness of about
10 m. We have estimated the transmissivity (Tp) by the Cooper–Jacob's
method for confined aquifers (Cooper and Jacob, 1946) and the Theis
recovery method for the confined aquifers (Theis, 1935). Tp has been
determined as 8.4x10−5 (continuous pumping test) and 5.3x10−5m2/s
(recovery test; Fig. 8b), respectively. This is equivalent to an average a

hydraulic conductivity of 10−6 to 10−5m/s, corresponding to silt and fine
sand. The pumping well is located approximately 700 m from site 20
(Fig. 8a). However, T2* in the main aquifer at site 20 is about 280 ms
(coarse sand) and is therefore not comparable with the hydraulic
conductivity in the pumping test well. Instead the transmissivity values
(bothwith a=1and a=4)normalized to the highest value in area 3have
been used. Using a=4 generates transmissitivy values ranging over 5
orders of magnitude, whereas a=1 generates transmissivity values of
ranging over 3 orders of magnitude. The lowest values are found in the
Saysomboun Formation. Since, the estimator a=1 has been shown to be
more stable (Legchenko et al., 2004), it has therefore been used. Due to
noise, the MRS measurements usually cannot be performed close to
villages. However, the VES is not as sensitive and therefore the transverse
resistance (TR) has been calculated for different sites using Eq. (6)
(Table 2) and then comparedwith the TMRS for themain aquifer in area 3,
however no correlation was observed. The hydrostatic column (Hw) has
been calculated for all investigated sites (Table 2) using Eq. (3) to a depth
indicated by ahatched line in Figs. 4a, 5a, and6a. It varies between0.4 and
4.40 m3/m2within theN2Q1–3 unit andhas amaximumof 4 m3/m2in area
1 (site 2), 3.1 m3/m2 in area 2 (site 10) and 2.3 m3/m2 in area 3 (site 16).
Within the Saysomboun Formation, theHw is usually less than 0.3 m3/m2.

Fig. 7. a) Free water content (θ), decay time (T2*) and VES models from site 20, site 16, site 19 and site 23. b) MRS data and model fit. c) Cross-section GH summarizes existing
geological information from borehole data, free water content, T2* and resistivity.
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Interpolated maps of normalized log TMRS values (a=1; Fig. 8b) and log
Hw values (Fig. 8c) from area 3 illustrate that high TMRS and Hw are found
in thewestern partwhere theN2Q1–3 unit is thick. The change to lowTMRS

and Hw values in the eastern part correlate well with the lithological
change to the mudstone of the Saysomboun Formation (Fig. 8a).
Maximum TMRS and Hw values (site 15, site 16 and site 28) are
restricted to the area limited by the Nam Chim creek and its secondary
flow (Fig. 8b,c).

Specific yield and drainage (Sy,d) and specific storage (Ss) have
been approximated for the more coarse grained aquifers within the
N2Q1–3 unit, where the specific retention (SR) and compressibility (α)
are fairly constant. Using Table 1, SR and α can be roughly estimated
for a specific water bearing layer according to its T2* (Table 1). Sy and
Ss can then be estimated using Eqs. (1) and (2) respectively (Table 2).
Sy varies between 3 and 13% (SR=3) for the coarse grained aquifers
within the N2Q1–3 unit. Ss for coarse grained aquifers is roughly
estimated to be around 10−4. These values can be compared with the

area-specific values obtained in Thailand, Sy,d=15% and Ss=2
to 3x10−3 (Srisuk et al., 1999).

5. Discussion

The best MRS model fit is most often given by a smooth inversion.
The blocky inversion constrained by the VES geometry does not
always correspond to the MRS water content distribution, especially
when the main water layer has low resistivity. At noisier sites, and
hence with more scattered field data, a smooth inversion is usually
more easily fitted to the data than a blocky inversion. However, this
could generate multi-layer aquifer models that might not be
geologically accurate (e.g. site 2). Both in the smooth and blocky
models, a shallow and deep aquifer is identified, where the shallow
aquifer differs quite a lot in the extension and water content, whereas
the deeper aquifer usually shows similarities in both water content
and thickness and is thus more reliable. Below the deep aquifer, the
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smooth and blocky models are again different in the water content
distribution.

Knowledge of the depth of the halite layers is very important
hence the shallower they are situated the greater is the risk of
increased salinity in the groundwater. Fig. 9 illustrates the distribution
of the MRS and VES measuring points and the borehole data in area 1
together with a colored interpolated map of the halite depths
determined from the boreholes (Long et al., 1986) overlain by the
Bouguer gravity anomaly map (iso-lines) (Na wetcharin, 2007;
Xayavong et al., 2008). Here, rock salt can be found as shallow as
52 m in depth.With reference to the clay layer deposited on top of the
halite layer, the depth to the halite is also an estimate of themaximum
depth of the aquifer, which is defined by the MRS. The gravity
anomalymap shows that the regional gravity field generally decreases

from west to east. However, there is a local maximum, which
correlates well with the shallow halite depths. This is probably an
indication of an uplift of the higher density basement rock, where the
upper part of the Thangon Formation has undergone erosion and been
replaced by the younger sediments of the N2Q1–3 unit. This supports a
shallower halite layer here as compared to the eastern part of the area.
The shape of the halite structure is difficult to determine due to the
sparseness of the gravity data. Dry rock salt has a high resistivity
(ρN106) compared to the overlaying brine-saturated sediments
(ρb5 Ω-m). With the exception of site 11 it would thus be difficult
to identify it with the VES since the current probably will not be able
to penetrate through the superimposed conductive clay. However, the
low resistivity clay layer, sometimes lower than 1 Ω-m, could work as
an indicator of the halite or at least an indicator of the Thangon

Table 2
Summary of most important site characteristics for the sites 1 to 46 (1) with coordinates expressed in WGS84 (lat/long) (2–3). Aquifer within stratigraphic unit (4), choice of MRS
loop design (5), MRS signal-to-noise (S/N) ratio (6), resistivity of main aquifer (ρ) (7), VES RMS (8), hydrostatic column (Hw) (9), T2*, specific yield (Sy) (10), and specific storage
(SS) (11) and recommended well depth (12).

Site North [°] WGS84 East [°] WGS84 Geologya Loopb MRS S/N ρ (Aq. [Ω-m]) VES RMS [%] Hw [m3/m2] T2* [ms] Sy Ss Well depth (rec.)[m]

Area 1
Site 1 18,15149 102,59822 N2Q1–3 100 6.9 2.9 60–1 20 60
Site 2 18,16318 102,58663 N2Q1–3 100 3.3 1560 4.7 4.0 60–120 50
Site 3 18,15233 102,6011 N2Q1–3 100 3.4 19 2.8 3.7 60–120 50
Site 4 18,14991 102,60523 N2Q1–3 100 b2
Site 24 18,08789 102,5862 N2Q1–3 100 2.5 Low res. 8.6 3.8 120–180 10
Site 25 18,08951 102,64348 K2tn 100 b2
Site 26 18,07345 102,64638 K2tn 100 2.1 7 1.6 0.2 30–60
Site 29 18,10662 102,63969 K2tn 100 b2
Site 30 18,11939 102,62428 N2Q1–3 100 4.8 Low res. 8.7 1.9 60–120 10
Site 31 18,05997 102,58526 N2Q1–3 100 2.4 14 3.2 1.2 60–120 40

Area 2
Site 5 18,32905 102,65276 N2Q1–3 100 9.8 6 3.2 1.2 120–180 30
Site 6 18,34009 102,64332 K2sb 100 b2 0.2
Site 7 18,34072 102,6558 K2sb 100 b2 0.1
Site 8 18,28359 102,67604 N2Q1–3 100 6.6 Low res. 5.9 2.0 120–300 3 1.3E–04 10
Site 9 18,2799 102,67656 N2Q1–3 100 3.4 Low res. 1.7 0.9 60–120 5
Site 10 18,27501 102,67675 N2Q1–3 100 6.3 Low res. 2.6 3.1 180–300 11 1.7E–04 10
Site 11 18,28401 102,6701 N2Q1–3 100 5.9 28 5.1 1.5 120–180 15

Area 3
Site 12 18,48658 102,45809 N2Q1–3 100 2.1 34 2.6 0.1 30–60 10
Site 13 18,49323 102,45568 N2Q1–3 100 b2 0.3
Site 14 18,48178 102,45693 N2Q1–3 100 2.0 0.2 60–120 10
Site 15 18,49086 102,43041 N2Q1–3 100 3.3 13 6.2 2.3 180–300 13 1.7E–04 20
Site 16 18,48782 102,4263 N2Q1–3 100 9.5 22 6.0 2.3 180–300 8 1.5E–04 30
Site 17 18,47934 102,41704 N2Q1–3 8 2.6 76 2.2 1.0 30–60 30
Site 18 18,4388 102,39045 K2cp 50 b2
Site 19 18,49046 102,43666 N2Q1–3 100 2.6 194 5.3 0.4 60–120 10
Site 20 18,48913 102,41842 N2Q1–3 8 3.2 79 1.8 0.7 180–300 4 1.3E–04 20
Site 21 18,56654 102,38577 N2Q1–3 8/100 2.3 82 6.5 0.7 120–180 30
Site 22 18,51135 102,4336 N2Q1–3 8 3.2 863 4.9 1.0 300–600 5 1.3E–04 10
Site 23 18,4992 102,46492 K2sb 8 2.2 9 1.9 0.2 30–60 10
Site 27 18,48273 102,45195 K2sb 100 2.1 103 2.4 0.2 30–60 10
Site 28 18,48104 102,43152 N2Q1–3 100 7.3 267 2.1 1.8 120–180 30
Site 32 18,51975 102,44565 N2Q1–3 8 b2 11 2.1 0.2 10
Site 33 18,50071 102,45228 N2Q1–3 – – 11 3.1 10
Site 34 18,514 102,42472 N2Q1–3 – – 1377 2.8 20
Site 35 18,52252 102,4443 N2Q1–3 – – 163 2.9 10
Site 36 18,53046 102,43044 N2Q1–3 – – 162 2.9 10
Site 37 18,53615 102,42953 K2sb – – 11 1.5 30
Site 38 18,51566 102,44863 N2Q1–3 – – 10 2.4 20
Site 39 18,48916 102,4516 K2sb – – 8 6.9
Site 40 18,48144 102,48301 K2sb – – 10 1.0 30
Site 41 18,49694 102,46219 K2sb – – 27 1.4 30
Site 42 18,44619 102,40568 K2cp – – 38 2.0
Site 43 18,48403 102,47038 K2sb – – 63 3.4
Site 44 18,49675 102,43099 N2Q1–3 – – 74 2.6 10
Site 45 18,48868 102,41522 N2Q1–3 – – 2.0
Site 46 18,50912 102,43568 N2Q1–3 – – 24 5.0 10

a Geology: N2Q1–3 unit, K2tn=Thangon fm, K2cp=Champa fm, and K2sb=Saysomboun fm.
b Loop: 50/100=50/100 m square loop, 8=50 m side figure eight loop.
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Formation (K2tn). Such low resistivities can be found in all three areas
at depths of 15 to 50 m, and they are usually related to the low free
water contents as observed by MRS.

The depth of penetration for MRS can be estimated using the
numerical modelling software Samogon. The modelling results of the
highest initial amplitude (E0) for a 10 m thick water layer with free
water contents and resistivities typical of different stratigraphic units at
different depths illustrates the detection limit for the N2Q1–3 unit, the
Saysomboun Formation and the Thangon Formation, respectively
(Fig. 10a). Here, a 100 m square loop is used and the geomagnetic
field is set to 43,800 nT, with an inclination of 24° corresponding to the
average condition in the Vientiane Basin. The noise threshold is set to
10 nV corresponding to the detection limit of the instrument, however
the noise level is often higher in real conditions. Fig. 10 also roughly
summarizes the geophysical characteristics obtained in our study. Our
MRS and VES data verify earlier hydrogeological investigation made by
JICA (1993) and recognize the N2Q1–3 unit as the main water-bearing
unit. This unit canbe found in all three areas and is characterized byhigh
free water contents, up to 30%, and with decay times usually varying
between100and400 ms,which suggests ameanpore size equivalent to
medium sand to gravel. The resistivity of the aquifers is highly variable,
usually between 10 and 1500Ω-m, corresponding to a lower detection
limit of 80 m. However, at some sites in areas 1 and 2, the resistivity of
the main water layers is low (b2 Ω-m), indicating saline water. The
Saysomboun Formation has similar MRS characteristics to the Thangon

Formation, i.e. low groundwater potential, but has generally higher
resistivity and a detection limit between 40 and 80 m compared to the
Thangon Formationwhere at best water can be detected down to 30 m.

The alluvial sediments of the N2Q1–3 unit have highly varying pore
sizes and resistivity, which make Transverse Resistance (TR) a poor
parameter for determining aquifer transmissivity in the Vientiane Basin
(Niwas, 1981). The aquifer resistivity differs a lot from one site to
another and hence gives a poor fit to TMRS. However, the VES
measurements can still be used to estimate the depth down to the
Saysomboun Formation, which has quite a well-defined resistivity
(8bρb25 Ω-m). Rough Sy and Ss estimates for the N2Q1–3 unit correlate
quite well with typical values for the corresponding Thai unit,
determined by Srisuk et al. (1999), although the tabled values of SR
andα for the same type ofmaterial vary a lot. These estimates should be
regarded as the expected area values and not absolute values. To be able
to determine the storage coefficients properly, SR and α must be
determined from the laboratory tests or Sy and Ss must be correlated
from thepumping tests (Vouillamoz et al., 2007). It has been shown that
the VES alone cannot characterize the aquifers in the Vientiane basin
due to the highly variable resistivity in the N2Q1–3 unit (0.5bρb1500).
However, the importance of using theVES togetherwith theMRS can be
shown in Fig. 10b, where a layer with 10% of free water at a depth of
15 m is plotted for different resistivities against the maximum initial
amplitude (E0) of the MRS signal. This illustrates that at resistivities
lower than b25 Ω-m theMRS signal is weakened and below 10 Ω-m the
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water content can be highly underestimated if the resistivity is not
accounted for. But at the same time the water content can be
overestimated if the VES model is inaccurate, i.e. the resistivity is
underestimated. This could be the case in some sites since it is very
difficult to estimate the true resistivity of the often very low resistivity
lower layer. Also, due to the equivalence and suppression of the VES, a
number ofmodels can fit the samefield data. At site 11, the VES data are
interpreted as afive layermodel (Fig. 3c) (in a joint interpretation of the
MRS and VES data), with a water layer suppressed between high
resistivity and low resistivity layers (RMS=5.1%). However, looking
only at the VES field data, the VES curve appears to be a four layermodel
(RMS=5.3%). In the first model, the low resistivity layer begins at a
depth of 22 m, whereas in the second model the low resistivity layer
begins at a depth of 15 m. Using the second VES model as input to the
MRS inversion results in anMRSmodelwith amore compressed aquifer
geometry andmuch higherwater contents than in thefirstmodel. From
this it should also be noted that using a first MRS smooth model with a
100 Ω-m half sphere to constrain the VES could be risky if the resistivity
is low (b10Ω-m).

6. Conclusions

The physical conditions in the Vientiane basin, Laos, with small
variations in the magnetic field, low magnetic susceptibility of the
rocks and sediments and fairly low noise, make the MRS a suitable
method for the groundwater exploration here. In our study, the MRS
has been demonstrated to be a good tool for identifying and
characterizing aquifers in different geological environments. Where
the MRS signal-to-noise ratio is too low for reliable interpretation, the
MRS and VES together proves to reduce the uncertainty in
interpretation. Moreover, by combining the two methods, salt water
can be distinguished from the highly conductive clay. The MRS has
also been shown to be a powerful tool for constraining the layer
thickness and to identify water layers with medium resistivity in
between high and low resistivity structures in the VES interpretation
(e.g. sites 11 and 16). The MRS also helps to distinguish between the
intermediate resistivity layers of the impermeable rock from what
could have been interpreted as water if only the VES measurements
had been carried out.

From our data the stratigraphic unit N2Q1–3, consisting of alluvial
unconsolidated sediments, is recognized as the main water bearing
unit. The results from the MRS measurements show that within the
region there is usually one to two water bearing layers. The aquifer
thickness ranges from 10 to 40 m and the depth of the main aquifer
ranges from 5 to 15 m. The free water content is up to 30% and the
decay times vary between 100 and 400 ms, suggesting a mean pore
size equivalent to fine sand to gravel. The resistivity of the aquifers is
highly variable but is usually higher than 10 Ω-m suggesting that the
water is fresh, except at some sites in areas 1 and 2, where the aquifer
is of low resistivity, probably related to salt water. The MRS and VES
also identify an underlying confining clay layer usually situated
between 25 and 50 m depth. Since this clay is most probably related to
the halite layers and has a resistivity as low as 0.5 Ω-m, it is likely that
it is affected by salt. The clay layer may serve as an indicator of the
halite and it probably works as a salinity barrier for the overlying
aquifers. Hence, in guiding future drilling in the Vientiane Basin, one
should not drill any deeper than 10 to 60 m in area 1, 5 to 15 m in area
2 and 10 to 30 m in area 3.
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ABSTRACT
The aim of this study is to test the possibility of using magnetic resonance sounding (MRS) and 

vertical electrical sounding (VES) together with groundwater chemistry data from shallow and deep 

wells to distinguish freshwater aquifers from salt affected groundwater and moreover determine 

water quality parameters directly from geophysical data. Three study areas within the Vientiane 

Basin, including 46 sites and 38 sampled wells, have been chosen for the study. The main water qual-

ity parameters affecting the water conductivity in the Vientiane Basin are total dissolved solids (TDS) 

and hardness and to a minor extent chloride, which all have shown to have fairly high correlation to 

the electrical conductivity (EC) of groundwater. The resistivity of the aquifers is highly variable but 

is most often above 4 m, suggesting fresh water. No wells in the investigated areas have water qual-

ity parameters exceeding the limit for unacceptable drinking or irrigation water. There is a fairly 

strong relationship between the conductivity of water from deep wells and the conductivity of the 

main water bearing layer determined by VES, where the best fit is obtained using:  

EC[μS/cm] = 0.4694VES[μS/cm], R2 = 0.69. However, due to equivalence in the VES interpretation 

and the difficulty to estimate the resistivity contribution from finer sediments, the equation may be 

seen and used as guidance to good water quality only within the Vientiane Basin area or in other areas 

with similar geology. The MRS results have been used to identify water layers in the VES inversion 

results to decrease the uncertainty in the interpretation The combination of MRS and VES techniques 

has been successful in distinguishing high conductive clay and mudstone from water bearing layers 

and moreover freshwater aquifers from salt affected water. Altogether, this makes MRS and VES very 

promising tools for guidance of future drilling and water quality estimation.

trations of domestic waste and excreta from farm animals, 

have lead to a high morbidity rate (JICA 1993; Medlicott 

2001). In 1993, the ‘Project for Groundwater Development in 

Vientiane Province’ was implemented by the Japan 

International Cooperation Agency (JICA), aiming at raising 

the water supply ratio in the rural areas by drilling deep wells 

(JICA 1993). In total 118 deep wells were drilled and when 

evaluating the project in 2000, as much as 60% of the wells 

were not used for drinking due to bad water quality or main-

tenance problems (JICA 2000). The bad water quality was 

partially due to salt in the groundwater. Rock salt naturally 

occurs within the basin as shallow as 50 m in the Thangon 

Formation (Williamson et al. 1989; JICA 1993; Srisuk et al. 
1999; Wannakomol 2005).

INTRODUCTION
When evaluating aquifers for drinking water usage, the qual-

ity of groundwater is as important as its quantity. In Lao 

People’s Democratic Republic (Laos), located in the middle 

of Southeast Asia (Fig. 1), only 60% of the urban and 51% of 

the rural population had direct access to water supply in 1998 

(STEA 2001). Most Lao people live in rural parts and are 

heavily dependent on dug wells as their main water source. 

However, deep wells, river water and rainwater are also used 

(Medlicott 2001). Dug wells usually dry out during the dry 

period and in addition, water-borne diseases caused by infil-
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conductive sediments and freshwater aquifers. Similar MRS and 

VES investigations have been made in Cambodia and Burma 

(Vouillamoz et al. 2002, 2007) but with more emphasis on 

hydraulic characterization of the aquifers.

THE VIENTIANE BASIN
The Vientiane Basin is located in central Laos (Fig. 1), between 

latitude 18° and 18.7° and longitude 102° and 103°. The basin is 

situated in the drainage area of the Nam Ngum and Mekong riv-

ers and the average elevation of the area is 170–190 m a.s.l. The 

surrounding mountain area (not shown in the map) is covered by 

forests and the elevations in the area range up to 1600 m. Laos 

has a tropical monsoon climate with a rainy season from May–

October, followed by a cool dry season from November–

February and a hot dry period from March–April (Fig. 2). The 

average rainfall in the Vientiane area is 1650 mm. The mean 

temperature ranges from as low as 21.7° C in December and 

January to 28.6° C in April (Climate Charts, http://www.climate-

charts.com).

This study aims at testing the possibility of using geophysical 

techniques to distinguish freshwater aquifers from salt affected 

groundwater and furthermore explore the possibility to deter-

mine water quality parameters, such as total dissolved solids, 

chloride and hardness, directly from geophysical parameters. 

This we do by combining magnetic resonance sounding (MRS), 

vertical electrical sounding (VES) and water chemistry data from 

groundwater in different geological environments in the Vientiane 

Basin. Resistivity methods have been widely used to detect 

saline groundwater as there is a direct relationship between the 

salinity of water and electric parameters governed by electric 

conduction through porous media and fluid flow (Sundberg 

1932; Archie 1942; Worthington 1993). However, using only 

VES, it is not possible to distinguish high conductive groundwa-

ter from e.g., increased clay content. MRS is based on the prin-

ciple of nuclear magnetic resonance (NMR). This method is 

directly sensitive to groundwater and hence the vertical distribu-

tion of water content in the aquifer. By combining MRS with 

VES, salt affected groundwater could be distinguished from high 

FIGURE 1

Inlet map showing the extent of 

the Khorat Plateau after El 

Tabakh et al. (1999) together with 

the geology of the Vientiane 

Basin after Long et al. (1986). 

The stratigraphy is presented in 

Fig. 3.
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have similar characteristics and will be treated as one strati-

graphic unit in this paper (N
2
Q

1-3
). The N

2
Q

1-3
 unit is an alluvial-

diluvial deposit containing mostly gravel, sand and clay. The 

possibility for finding groundwater in this unit is regarded as 

high (Perttu et al. 2011). Underlying the Thangon Formation is 

the Khorat Group, which among others consists in the Champa 

(K
2
cp) and Phu Pha Nang Formations (J-Kpn). These up to 

400  m and 350 m thick formations are found primarily in the 

western and eastern part of the basin. They are largely composed 

of sandstone of Cretaceous and Jurassic age. The surrounding 

mountain area consists mainly of siltstone and sandstone from 

the Paleozoic era, where both massive and intercalated limestone 

can be found.

 
Salinity caused by natural and human activities
Saline water can arise from both natural causes or from human 

activities. The major source of saline deep groundwater within 

the Vientiane Basin, originates primarily from salt of the 

Thangon Formation. Saline shallow groundwater originates 

from dissolved salt accumulated in the upper clastic sediments 

transported from higher altitudes to nearby lowlands and val-

leys. Here, the water evaporates, leaving the salt in the upper 

soil. High salinity can also arise from deep groundwater flows, 

when water in a recharge area penetrates down to the rock salt 

and then is transported to lowland discharge areas (Löffler and 

Kubiniok 1986). Salt groundwater can also be transported 

upward through faults and fractures caused by artesian, convec-

tive and capillarity flow (Wannakomol 2005). Human activity 

also affects the transport of salt. Within the Khorat Plateau, high 

salinity in soils has been reported due to deforestation, construc-

tion of reservoirs, salt manufacturing and irrigation 

(Limpinuntana and Arunin 1986).

Geology
The Vientiane Basin is located in the very northern part of the 

Sakhon Nakhon Basin within the Khorat Plateau (Fig. 1). The 

plateau covers an area of 170 000 km2 between longitudes 101° 

and 106° and latitudes 14° and 19° in the region of north-eastern 

Thailand, northern Cambodia and central Laos. During the 

Cretaceous, due to relative sea-level rise, the plateau underwent 

periods of marine influx but was sporadically isolated from the 

oceans. This created the Maha Sarakham Formation (Thai termi-

nology) or the Thangon Formation (Lao terminology), a unit 

with a three salt layer separated by red-coloured siliciclastics of 

fluvial origin. The evaporites include thick successions of halite, 

anhydrite and potassic minerals like sylivite and carnalite (El 

Tabakh et al. 1999) and can be found as shallow as 50 m in depth 

(Long et al. 1986).

 The middle Cretaceous, Thangon Formation (K
2
tn) is 550 m 

thick (Fig. 3) and is most easily found in the south-eastern part 

of the Vientiane Basin (Long et al. 1986), where the salt struc-

tures have been mobilized into pillows and small diapers (Lovatt 

Smith et al. 1996). The Thangon Formation is overlain by the 

Saysomboun Formation (K
2
sb). This formation originates from 

upper Cretaceous and is composed of red-brown clay-stone that 

gradually changes to siltstone with a maximum thickness of 

150 m (Fig. 3). The Saysomboun Formation is mainly found in 

the northern part of the basin and is overlain by the Vientiane 

Formation (N
2
Q

1-2
) (<70 m) of Neogene to Quaternary origin and 

the stratigraphic units Q
2-3 

(<25 thick) and Q
4 
(<0.5 m thick) of 

Quaternary origin. The Vientiane Formation
 
and the Q

2-3 
unit 

FIGURE 2

Precipitation, temperature and humidity data from Vientiane  

collected between the years 1961–1990 (Climate Charts,  

http://www.climate-charts.com).

FIGURE 3

Lao Stratigraphy and Thai equivalent of the Vientiane Basin after Long 

et al. (1986) and Lovatt Smith et al. (1996).
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been collected from 38 wells, predominantly from area 3. Site 18 

(18.44°N; 102.39°E) and site 21 and well 8-2 (18.57°N; 

102.39°E) are not shown in Fig. 4(c) due to lack of space. The 

MRS measurements were carried out with Numis-Plus equip-

ment manufactured by Iris instruments. The magnetic field was 

measured using a G 816 magnetometer (Geometrics) with a 

resolution of 1 nT. The VES measurements were conducted with 

a Terrameter SAS4000 (ABEM). Conductivity measurements on 

water in the field and laboratory were performed using the con-

ductivity meter HI 8733 (Hanna Instruments).

Magnetic resonance sounding (MRS) method
MRS is a non invasive geophysical technique that energizes the 

protons in groundwater by transmitting a resonance electromag-

netic pulse with the Larmor frequency. The energized protons 

then generate a secondary magnetic resonance signal, which is 

Study areas
Three areas were selected for geophysical studies (Fig. 1). The 

areas have been chosen for being representative of the variability 

of the geology and water quality, according to geological and 

water chemistry data that were retrieved from JICA (1993, 1994) 

and from the Department of Geology and Mining in Vientiane 

(Long et al. 1986). However, area 3 holds the majority of the 

drilled deep wells in the basin and the measurements were hence 

concentrated to this area. In an initial survey, electro-magnetic 

noise and accessibility were evaluated, which in most cases 

resulted in that dry rice paddies were chosen as measuring sites.

GEOPHYSICAL METHODS AND INTERPRETATION 
TECHNIQUES
Geophysical data have been collected from 46 sites, including 32 

MRS and 39 VES measurements (Fig. 4). Water samples have 

FIGURE 4 

Measured sites and sampled wells 

from a) area 1, b) area 2 and c) 

area 3. The dominating geologi-

cal units are: the Thangon 

Formation (K
2
tn), the Champa 

Formation (K
2
cp) and the N

2
Q

1-3
 

and Q
4
 units.
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fact that resistivities for salt water, water saturated clay and sand 

overlap. Furthermore, due to the high resistivity contrasts 

between the often high resistive, dry top soil and the low resistive 

saline aquifer, interjacent freshwater layers with medium resis-

tivities are difficult to detect on the sounding curve. These prob-

lems can be accounted for by constraining the VES layer geom-

etry using a first MRS model in the interpretation. In this way the 

number of possible models is reduced and a suppressed medium 

resistive fresh water layer can be identified in the VES curve. In 

two sites, one in the Saysomboun Formation (site 35) and one in 

the N
2
Q

1-3
 unit (site 44), VES were made perpendicular to each 

other to examine if lateral inhomogeneities in resistivity affects 

the apparent resistivity. The sounding curves are almost identical 

in both sites, which suggest that the one-dimensional layered 

earth assumption is valid within the investigation area. VES 

measurements have been performed with a stacking of 3–5 for 

each spread usually with an average RMS varying between 0.1–

0.8% for a complete sounding.

Water quality parameters related to conductivity
Salinity is measured in total dissolved solids, which is the total 

sum of cations and anions and the undissociated dissolved spe-

cies after evaporation and filtration of a sample. TDS however, 

can also be determined by multiplying the electrical conductivity 

(EC) of water in μS/cm at 25° C with the TDS-factor (C
TDS

). The 

C
TDS can be determined from the n available water samples, 

where TDS and EC have been determined:

 (1)

The C
TDS

 depends upon the types of salt present, i.e., the concen-

tration and mobility of the different constituents, which makes it 

vary between 0.55–0.90 for normal groundwater (Reynolds and 

Richards 1996). The C
TDS

 increases with higher concentration of 

ions, as their activity and hence their ability to conduct current is 

reduced when they are more densely assembled. Poorly dissoci-

ated calcium and sulfate ions will also increase the C
TDS

. TDS is 

measured on the surface. The method and principles are thor-

oughly described in Hertrich (2008), Legchenko and Valla (2002) 

and Lubczynski and Roy (2003). The initial amplitude of the 

decaying signal (E
0
) induced in the antenna by the relaxation of 

the protons is directly related to the water content and the time of 

relaxation (T
2
*) is related to the mean pore size of the material and 

hence the grain size and hydraulic conductivity. Typical values of 

T
2
* are presented in Table 1. By systematically increasing the 

pulse moment (q), the energizing field penetrates deeper into the 

ground and information of the water content and decay time can 

be retrieved from deeper parts of the subsurface. MRS is able to 

detect water to a depth roughly equivalent to the loop size but can 

only accurately resolve the aquifer geometry to a depth corre-

sponding to half the loop size (Legchenko et al. 2002).

 MRS data from 32 sites were interpreted with the inversion 

software Samovar v11.3, based on the least square solution with 

regularization (Legchenko and Valla 1998). Legchenko (2007) 

defined a lower limit of signal-to-noise ratio of 2 (S/N > 2) and 

external-to-instrumental noise (EN/IN) ~1 for reliable interpreta-

tion. Due to equivalence, several models can fit the data. The two 

most common inversion schemes are 1) smooth and 2) blocky 

inversion. The first one assumes a model with many, fixed layers 

with increasing layer thickness (decreasing resolution) with depth. 

The parameter of regularization or the smoothing factor control 

the smoothness of the interpreted water content distribution with 

depth. The second scheme assumes a small number of layers, 

where both water content and layer thickness can vary. Here, prior 

geological information is necessary. The effective porosity (
e) 

can be roughly determined directly from E
0 

inversion in coarse 

grained aquifers, under the assumption that bound water, dead-end 

unconnected porosity is negligible (Lubczynski and Roy 2005).

MRS setup
The inclination of the geomagnetic field in the Vientiane Basin 

was 24° and the intensity varied between 43 620–43 850 nT, 

equivalent to a Larmor frequency of 1859–1868 Hz. From stra-

tigraphy (Fig. 3) and borehole data (Figs 7 and 8) it has been 

shown that a possible aquifer can stretch down to about 50–70 m. 

Hence, depending on the noise, a 100 m square or an 8-square 

50 m side length loop was used together with a signal stacking 

of 64–100 stacks. The power line frequency is 50 Hz, which 

allowed for notch filters to be used in the field in presence of 

industrial noise (Legchenko and Valla 2003).

Vertical electrical sounding (VES) setup and interpretation 
process
VES measurements were conducted on or in proximity of 25 of 

the MRS sites and at 14 separate sites. A Schlumberger configu-

ration was used with AB/2 distances usually up to 200–300 m. 

The data were interpreted with the inversion software IPI2win. 

Due to equivalence in the VES interpretation, when present, 

geological borehole data have been used to constrain the layer 

geometry. The interpretation of VES data is complicated by the 

TABLE 1

Values of decay time (T
2
*) for different geological materials (Shirov et al. 

1991; Allen et al. 1997). Decay times lower than 30 ms are not detected 

with our MRS instrument

Decay time Lithology MRS

T
2
* < 3 ms Clay bound water Undetectable

T
2
* < 30 ms Sandy clays Undetectable

30 < T
2
* < 60 Clay sands, very fine sands Detectable

60 < T
2
* < 120 Fine sands Detectable

120 < T
2
* < 180 Medium sands Detectable

180 < T
2
* < 300 Coarse and gravely sands Detectable

300 < T
2
* < 600 Gravel deposits Detectable

600 < T
2
* < 1500 Surface water bodies Detectable
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 The amount of salt and especially sodium plays a vital role in 

judging the salinity hazard for crops and plants. Many plants are 

sensitive to high salinity and when the concentration of sodium 

(Na+) is high, it tends to be absorbed by clay particles, while 

replacing Ca2+ and Mg2+. This exchange process reduces soil 

permeability and could result in poor internal drainage and hard, 

infertile soils (US Salinity Laboratory Staff 1954). The sodium 

hazard of irrigation water is estimated by the Sodium Absorption 

Ratio: SAR = Na+/((Ca2+ + Mg2+)/2)1/2 and relates to the relative 

proportions of Na+, Ca2+ and Mg2+ content.

Relationship between geophysical parameters and water 
quality
The resistivity  of a porous, water-bearing material, free of clay 

minerals can be expressed by Archie’s law (Archie 1942), which 

is an empirically determined formula that expresses the resistiv-

ity as a function of the water resistivity 
0
, the porosity ( ) and 

the water saturation s.

 (2)

The value of n and m depends mostly on the wettability and 

cementation, respectively. If the mineral grains are insulators, 

then a = 1, which is the basic condition for Archie’s formula. 

However, to a certain degree of decreasing resistivity of the 

mine ral grains, the constant a decreases too. The aquifer resistiv-

ity ( ) is deduced from the VES resistivity and 
0
 is determined 

from the EC of water from the wells. Together they form the 

formation factor F = /
0
. If the grains are non-conducting 

(a  =  1) and assuming that bound water and dead-end uncon-

nected porosity is negligible, the porosity ( ) ≈ the effective 

porosity (
e) and hence the MRS water content (

MRS
). If the 

aquifer is assumed to be saturated (s = 1), the cementation factor 

(m) can be determined for a specific geological material. 

Vouillamoz et al. (2007) argued that in an environment where 

aquifers are not free of low resistive clayey material, a rough 

estimation for the water EC can still be made using a linear rela-

tionship between  determined from VES and EC measured on 

water in wells. The conductivity of a fluid is strongly dependent 

on the concentration and mobility of ions, where mobility is 

highly temperature dependent. Conductivity of water is usually 

standardized at 25° C. When comparing EC of water with aquifer 

conductivity it is important to correct for the true temperature of 

the water. The conductivity of most groundwater varies with 

about 2% per ° C (Clesceri et al. 1998). In the sampled wells 

within the Vientiane Basin the temperature varies between 

18–30° C with an average of 26° C.

RESULTS
Result from the geophysical investigation
For most MRS measurements, the signal-to-noise (S/N) ratios 

typically vary between 2–10. The general trend is that the invert-

ed MRS data seem to fit the raw data quite well for low pulse 

often used for evaluating the water quality for domestic usage. 

Water with TDS lower than 600 mg/l is considered to be of good 

quality (Table 2). The main source of cations and anions in 

groundwater is the slow dissolution of minerals in rocks and soils 

when the groundwater moves through the strata (Reynolds and 

Richards 1996). Shoeller (1959) identified three types of sources 

that contribute to the groundwater chemical characteristics: 1) 

variation in mineralogy of the aquifer, 2) increasing dissolution 

and hence more ions in the solution along the path of the ground-

water flow and 3) difference in climatic factors like rainfall and 

evaporation, which results in groundwater in arid environments 

to generally be more saline than groundwater in humid regions. 

Other mechanism and methods to discriminate groundwater 

chemistry are among others dealt in Gibbs (1970), Piper (1945) 

and Back and Hanshaw (1965).

 The salt content is sometimes measured with reference to the 

level of chloride, which can also be directly related to EC. 

According to the Swedish Environmental Protection Agency 

(SEPA), chloride concentrations >100 mg/l can have a corrosive 

effect on metal pipes and concentrations >300 mg/l can cause 

taste differences (SEPA 2000). The major source of natural chlo-

ride in groundwater comes from the dissolution of halite.

 Water with a high mineral content, primarily of calcium 

(Ca2+) and magnesium (Mg2+) ions, is considered as hard. 

Hardness of water is an important criterion for technical and 

esthetical reasons (Table 3). Hard water can be expected in 

regions with large amounts of limestone (CaCO
3
) or dolomite 

(CaMg(CO
3
)

2
) (Reynolds and Richards 1996). Hardness of the 

water with its polyvalent ions directly contributes to conductivity 

(Krawczyk and Ford 2006, 2007). The total hardness (H
T) can be 

calculated from the Ca2+ and Mg2+ content in the water from 

H
T[mg/l as CaCO

3
] = 2.497 [Ca2+, mg/l] + 4.118[Mg2+, mg/l] as 

described in Standard Methods 2340 B (Clesceri et al. 1998).

TABLE 2

Palatability of drinking water (WHO 1996)

Class TDS (mg/l)

Excellent <300

Good 300–600

Fair 600–900

Poor 900–1200

Unacceptable >1200

TABLE 3

Hardness of water (Reynolds and Richards 1996)

Hardness [mg/l] as Ca-HCO3 Degree of hardness

1–75 Soft

75–150 Moderately soft

150–300 Hard

300 or more Very hard
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In case of scenario 1 (Fig. 5), geological logging data are used as 

input in the VES inversion, together with groundwater levels data 

from close by shallow wells (1). EC data from both shallow and 

deep wells are used to identify water layers and to confirm an 

increase/decrease in aquifer resistivity (e.g., site 22; Fig. 5). This 

VES model has been used as an electrical model for the MRS 

inversion and the equivalence limits of the water layer are also 

tested with an equivalence function built in IPI2win (2). MRS is 

interpreted using both a 40 layer smooth inversion and a blocky 

inversion, constrained by VES data, which have here quite good 

correspondence (3). The main water layer in site 22 is situated in 

fine to medium sand, however MRS indicate coarse sand 

(T
2
* = 250–300 ms). The VES resistivity of the aquifer (2–15 m) 

is determined to 915 Ωm, with corresponding EC of water of 

179 μS/cm. The aquifer is confined by mudstone, which starts at 

a depth of 15 m. The resistivity is determined to 4 Ωm with a 

corresponding EC of the water of 1115 μS/cm, which illustrates 

that the higher conductivity and salinity risk is here associated 

with the mudstone.

 In case of scenario 2 (Fig. 6a,b), several different models can 

fit the VES data. A first model is selected that seems reasonable 

from a geological perspective and used for a first MRS smooth 

model (1). The smoothing factor, i.e., the parameter of regulari-

zation, is varied between the two acceptable extremes and plot-

ted together with the best model, to identify the number of lay-

ers, thicknesses and recognize common features in all three MRS 

moments but loose coherency for high pulse moments (e.g., 

Fig. 5c,d). All MRS have been inverted taking into account the 

effect of shallow aquifers (the pulse harmonics option in 

Samovar) that can generate signals in higher pulse moments, 

which otherwise can falsely be interpreted as deep aquifers (e.g., 

site 22; Fig. 5a,c,d), so-called ghost aquifers (Legchenko 2005). 

In the MRS data, the water content and T
2
* show an inverse rela-

tionship to one another, i.e., when the water contents are high, T
2
* 

are low and the other way around. T
2
* can also vary significantly 

for different smoothing factors but it is usually stable for layers 

carrying higher contents of water. This can be explained by the 

low initial amplitude that creates an almost horizontal exponen-

tial fit of the relaxation, hence creating a long artificial T
2
*. T

2
* is 

therefore presented only for the peak water content for each 

aquifer, which usually agrees quite well with borehole geological 

information.

Depending on the available data, different interpretation 

schemes have been preferred:

1  MRS and/or VES have been performed close to the borehole 

with existing geological logging data. Groundwater levels and 

EC of water from shallow and deep wells are known.

2  MRS and/or VES have been performed far from any existing 

borehole data. Some information might exist about ground-

water levels and EC, usually from shallow wells.

FIGURE 5

An example of interpretation 

methodology (site 22), showing 

a) the correlation between VES 

and MRS data to borehole lithol-

ogy and water conductivity (EC). 

b) VES data and MRS field data 

and model fit for c) the model 

interpreted with the pulse har-

monic option and d) without. The 

data show a peak in initial ampli-

tude at low pulse moments (Q), 

suggesting a shallow aquifer. The 

data are more scattered at larger 

Q-values.
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The main aquifer is found in this unit with water contents up to 

15% and decay times corresponding to fine sands 

(60 < T
2
* < 120 ms). The resistivity of the main water layer can 

vary from less than 1 to as high as 1500 Ωm from different sites 

(site 30 and site 2, respectively; Fig. 7a). In site 30, at 15 m in 

depth, the main water layer is situated in a very low-resistive 

layer (  < 1 Ωm), which suggests that it is salt polluted. Similar 

aquifer characteristics can be seen in area 2 (Fig. 4b). The 

Thangon Formation on the other hand, is composed of clay and 

breccia overlying rock salt, with poor potential for hosting aqui-

fers. The water content is lower than 2% and the resistivity is 

usually lower than 5 Ωm (e.g., site 26; Fig. 7a).

 Area 3 is located in the narrowing upper part of the Vientiane 

Basin (Fig. 1) with the Champa Formation (K
2
cp) in the western 

and eastern border of the basin, the Thangon Formation (K
2
tn) in 

the north and the N
2
Q

1-3
 unit in the central part (Fig. 4c). MRS 

and VES data (Fig. 8a) collected in this study, shown together 

with the geological cross-section GH (Fig. 8b) compiled from 

borehole (JICA 1994) and geophysical data, illustrate the soil 

and rock characteristics of the area. The N
2
Q

1-3
 unit with a thick-

ness of up to 45 m comprises one to two water bearing layers in 

the western part. The unit gets thinner eastward, with signifi-

cantly lower water contents in the eastern part of the cross-sec-

tion. The maximum water content in the main water bearing 

layers varies between 4–16% and T
2
* generally varies between 

100–400 ms, with longer T
2
* in the western part of the area. The 

resistivity for the main water bearing layer varies considerably 

from site to site but usually ranges from 10–250 Ωm (Fig. 8a,b). 

In the eastern part, the composition of the N
2
Q

1-3
 changes to 

solutions (2). This can be especially useful in more noisy geo-

logical environments with a high resistive upper layer and a low 

resistive lower layer, e.g., site 16, which can be interpreted as a 

3, 4 or 5 layer curve (Fig. 6a). A blocky inversion, incorporating 

the identified layers is then introduced that is used as input for a 

second VES inversion. This model is in turn used for the second 

final smooth/blocky MRS model (3). In this way the MRS and 

VES interpretations are integrated. On site 16, two water layers 

are identified with the main water layer situated between 

13–30 m in depth with no water below. From the VES models it 

becomes clear that the low-resistive layer (3 Ωm) starts between 

34–37 m, which is an indication that this layer is most likely clay. 

At site 30, the VES curve indicates a three-layer model, which is 

supported by the MRS smooth and blocky solutions. However, 

the low resistive layer starts here within the water layer (between 

6–18 m), whereas the water layer continues down to about 25 m, 

indicating that the water is salt affected and continues down into 

the clay layer of the Thangon Formation.

Identification and characterization of geological structures
Area 1 is located in the southern part of the basin (Fig. 1). Here, 

the Champa Formation (K
2
cp) is the dominant geological forma-

tion on the western border of the basin, whereas the N
2
Q

1-3 
unit 

is dominant in the central part and the Thangon Formation in the 

eastern part (Fig. 4a). The geological cross-section based on 

borehole data along profile AB (Long et al. 1986) (Fig. 7b), 

shows the extension of the N
2
Q

1-3 
unit and the Thangon 

Formation. The N
2
Q

1-3 
unit holds in most parts coarse materials 

like sand and gravel but also finer sediments like clay and silt. 

FIGURE 6

Interpretation methodology 

together with the final result of a) 

site 16 and b) site 30, which also 

demonstrates the discrimination 

between low resistive clay (site 

16) and the salt affected aquifer 

(site 30).
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characterized in area 1. For a more thorough description of the 

geophysical soil characteristics see Perttu et al. (2011).

Result from the groundwater analysis
Water samples for chemical analysis were collected in January 

2007, 2008 and 2009, from altogether 16 shallow dug (<15 m) 

and 22 deep drilled (>15 m) wells. Chemical analysis for the 

most common ions together with EC, TDS and alkalinity and pH 

more clayey material and the water content is lower than 4% and 

T
2
* lower than 100 ms. The Saysomboun Formation, underlying 

the N
2
Q

1-3 
unit, consists of mudstone or siltstone (Fig. 8b) and 

has a fairly low water content (<2%). The resistivity varies 

between 10–25 Ωm (e.g., site 23). Rocks from the Thangon 

Formation have not been observed in any boreholes here but VES 

measurements from the middle of the profile, show resistivities 

(<5 Ωm) that may indicate the existence of this formation as 

FIGURE 8

a) MRS and VES models from 

site 20, site 16, site 19 and site 23 

plotted together with b) the cross-

section GH (see Fig. 4c), sum-

marizing existing geological 

information from borehole data, 

water content, T
2
* and resistivity 

based on the geophysical meas-

urements.

FIGURE 7

a) MRS and VES models from 

site 2, site 1, site 30 and site 26. 

b) The geological cross- sections 

AB (see Fig. 4a) compiled from 

VES resistivity (isolines and 

numbers) and borehole data after 

Long et al. (1986).
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Drinking and irrigation water quality
The water quality parameters closest related to conductivity are 

TDS, chloride and hardness. The TDS-factor has been modelled 

for a water with corresponding EC as in the Vientiane Basin for 

different types of waters using the methodology presented in 

Standard Methods 1030 E (TDS [mg/l]) and 2510A (EC[μS/cm]) 

at finite concentrations (Clesceri et al. 1998). The TDS-factor 

varies between 0.48–0.98 depending on the dominating salt pre-

sent. However, it most commonly ranges from 0.7–0.9 for 

CaHCO
3
 (1), mixed CaNaHCO

3
 (3) and NaHCO

3
 (6) type of 

water, whereas NaCl (2), mixed CaMgCl and CaCl (5) type of 

water range from 0.5–0.7 (Fig. 9a). With reference to the ana-

lysed TDS values, the groundwater from all wells are classified 

to be of good quality (<600 mg/l) according to WHO interna-

tional standard (Table 2). The TDS-factor does not vary much in 

the three areas, with an average value of C
TDS

 = 0.5 and it proves 

here to be insensitive to the different types of water, which could 

also be seen in the correlation matrix, with a perfect correlation 

between EC and TDS.

In the salt factory at Ban Bo (see Fig. 1) sodium chloride 

(NaCl) from the Thangon Formation is extracted from the pump-

ing of deep wells (>80 m), with a chloride concentration 

>6000 mg/l. Salt from this factory with possible impurities has 

been diluted using de-ionized water and the solution has then 

been measured for EC for a wide range of concentrations 

(Fig.  9b). This analysis shows an almost perfect linear fit 

(EC = 2.5841*Cl-, R2 = 0.998) for the relation between EC and 

NaCl content. The limit of very high chloride concentration is 

given by SEPA at >300 mg/l, which corresponds to an EC of 

800 μS/cm. The chloride concentrations from water samples in 

different wells in the three areas are here plotted against EC 

(Fig. 9b). The EC for the chloride concentrations is quite scat-

tered and plots above the EC of the diluted chloride graph, which 

could be explained by other ions, in particular Ca and Mg con-

tributing to the EC. No sample exceeds the limits of taste effECts 

of WHO or SEPA (>300 mg/l, SEPA or >250 mg/l, WHO).

 Total hardness (H
T) is plotted against EC (Fig. 9c) with a best 

fit obtained for the relation between them using EC = 2.41*H
T 

was made by the Department of Irrigation in Vientiane. In some 

wells, pH values from older water quality analysis (JICA 1994) 

have been used. The reliability of the water quality analysis has 

been tested with Standard Methods 1030 E (Clesceri et al. 1998), 

which consists in 6 tests. Here, three tests are presented, which 

are considered to be more reliable: Anion-Cation Balance (1), 

Measured TDS = Calculated TDS (2), Measured EC = Calculated 

EC (3). Most samples pass the criteria for (1). None of the sam-

ples pass criteria (2), where the calculated TDS is always 

slightly higher than the measured, which indicates that some of 

the analysed constituents might be wrong. Measured EC matches 

or almost matches calculated conductivity (3). The conductivity 

has been determined both in the field and laboratory with good 

agreement and is therefore the most reliable parameter to reflECt 

the salinity in the sampled groundwater. A correlation matrix, 

including all 38 sampled wells for nine variables is presented in 

Table 4, where each cell provides the correlation coefficient for 

two sets of analytes. EC and TDS have correlation coefficient of 

1, which suggests that the measured TDS reflects the change in 

conductivity perfectly. EC and TDS also show a strong and 

positive correlation to Na, Cl and alkalinity but also to Ca and 

Mg. Furthermore, chloride shows a significant correlation to 

sodium but not to potassium, which suggests that chloride can be 

directly related to halite. Magnesium and calcium show a strong 

positive correlation to one another, which could indicate that 

they originate from dolomite weathering. Magnesium and sulfate 

also show a high correlation. This may suggest that the sulfate 

originates from the evaporite mineral kieserite (MgSO
4
*H

2
O) 

not to the more common mineral gypsum or anhydrite. The Piper 

diagram (Piper 1945) displays the relative concentration of the 

major cations and anions in two separate trilinear plots, together 

with a central diamond plot, where the points on the trilinear 

plots are projected (Fig. 9a). The diamond plot is divided into 6 

water types. The most dominant water types are CaHCO
3
 (1), 

mixed CaMgCl (4)
 
and NaCl (2) independent whether the water 

is situated in the Saysomboun Formation or in the N
2
Q

1-3
 unit. 

The samples of NaCl-type (2) could be the result of halite dis-

solution from the Thangon Formation.

TABLE 4

Correlation coefficients between different water chemistry parameters

Analyte EC TDS Chloride Sulfate Calcium Magnesium Sodium Potassium Alkalinity

EC 1.00

TDS 1.00 1.00

Chloride 0.65 0.65 1.00

Sulfate 0.55 0.55 0.18 1.00

Calcium 0.80 0.80 0.25 0.53 1.00

Magnesium 0.72 0.72 0.23 0.91 0.75 1.00

Sodium 0.75 0.75 0.91 0.30 0.31 0.37 1.00

Potassium 0.41 0.41 0.34 0.39 0.33 0.42 0.30 1.00

Alkalinity 0.85 0.85 0.39 0.34 0.90 0.64 0.30 0.33 1.00
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for acceptable drinking water for TDS, chloride and hardness 

correspond to 1200 μS/cm, 800 μS/cm and 720 μS/cm, respec-

tively, which suggest that hardness is the limiting parameter 

within the Vientiane Basin. The conductivity and the sodium 

absorption ratio (SAR) values are classified according to the 

(R2 = 0.70). Very hard, Ca and Mg rich water correspond to  an 

EC of 720 μS/cm. Most water from the collected wells is soft to 

moderately soft but some water is hard to very hard (H
T > 300 mg/l 

CaCO
3
) and those samples are mainly collected from the 

Saysomboun Formation. The conductivities relating to the limit 

FIGURE 9

a) Piper diagram representing the 

different water types in area 3, 

where the TDS-factor has been 

calculated. b) Salt (NaCl) from 

the Ban Bo salt factory has been 

diluted for different concentration 

and measured for EC at 25° C 

(full drawn line), with an almost 

perfect linear fit. Chloride data 

from sampled wells in N
2
Q

1-3
 unit 

(diamonds) and Saysomboun 

Formation (K
2
sb) (circles) plotted 

against EC are quite scattered and 

plot above the linear relation for 

NaCl/EC. c)  Calculated total 

hardness (HT) from Ca2+ and Mg2+ 

concentrations plotted against 

EC.

FIGURE 10

Conductivity of aquifers (VES) 

plotted against water EC from 

a)  deep and b) shallow wells.  

The best fit for deep wells is 

obtained using EC[μS/cm]  = 

0.4694VES[μS/cm], R2 = 0.69. For 

shallow wells the R2  <  0.3 and 

should hence be used with caution. 

The error bars indicate the uncer-

tainty due to equivalence for each 

measurement. The measurements 

without error bars are layers that 

are not subject to equivalence.
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compared to the modelled VES conductivity (Fig. 10). The best fit 

for the relation between these conductivities is obtained for water 

from deep wells using EC[μS/cm] = 0.4694VES[μS/cm], R2 = 0.69 

(Fig. 10a). The limit for good quality groundwater is set to TDS < 

600 mg/l (WHO), equivalent to an EC < 1200 μS/cm (C
TDS 

= 0.5). 

This corresponds to a VES conductivity of 2600 μS/cm or a resis-

tivity of about 4 Ωm. For shallow wells (Fig. 10b) the correlation 

is poor (R2 = 0.26), with at least one point (VES39) clearly worsen-

ing the fit. Removing the point improves the correlation (R2 = 0.35) 

but the fit is still poor and the conclusion is that no direct relation-

ship can be found between the electrical conductivity of water in 

shallow wells and aquifer hydraulic conductivity.

Comparison of TDS to aquifer resistivity and hydrogeologi-
cal parameters
The salinity (TDS) of groundwater is determined by differences 

in mineralogy, topography, flow paths of the groundwater and 

climate factors. Therefore, the spatial distribution of TDS [mg/l] 

in area 3 is here plotted together with the hydrostatic column 

(H
w) (Fig. 11a), MRS transmissivity (T

MRS
) (Fig. 11b), resistivity 

of the main water layer (Fig. 11c) and the resistivity of the bot-

relative risk of salinity hazard in irrigation (Richards 1954), 

where only 3 samples fall into the risk category high salinity (EC 

> 750 μS/cm) and 1 sample into the medium SAR risk. No direct 

correlation between geology and salinity hazard seems to exist 

and most of the groundwater within the research area seems to 

be suitable for irrigation.

Estimation of hydraulic conductivity from geophysical data
Since various unconsolidated sediments of different grain sizes 

comprise the N
2
Q

1-3
 unit, water bearing layers with similar grain 

sizes indicated by their T
2
* value (Table 1) have been grouped 

together. By plotting the formation factor (F) against the MRS 

water content ( ) for each group, the cementation factor (m) has 

been determined using simple regression. However, the number of 

measurements for each group is quite low and no significant cor-

relation can be found. The finer sediments (clay) within the  

N
2
Q

1-3
 unit are conductive, which makes Archie’s law invalid and 

probably underestimates the porosity, since water is bound to the 

pore walls and therefore not detectable by MRS. In this case 

Archie’s law should not be used. Instead the measured water EC 

from shallow and deep wells is corrected for temperature and 

FIGURE 11

Interpolated maps of TDS (black 

isolines) plotted against a) hydro-

static column (H
w
) and b) MRS 

transmissivity (T
MRS

) as well as  

resistivity of c) the main water 

layer and d) the bottom layer in 

area 3. High TDS correlates well 

with the low bottom layer resis-

tivity and the high T
MRS

 and H
w
.
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tainty in both the VES and MRS interpretation (e.g., site 16; 

Fig.  6a). VES usually can not penetrate down below the low 

resistive clay or water to the high resistive halite in most of the 

soundings and therefore the depth to the halite layers could not 

be determined. The MRS signals are not inhibited the same way 

and can normally penetrate down to the aquifer bottom. In this 

way the salt affected aquifer can be distinguished from the con-

fining clay layer of the Thangon Formation. The equivalence of 

VES has shown to decrease substantially if using MRS aquifer 

geometry to constrain the VES inversion (Vouillamoz et al. 
2007). In some aquifers, the low resistive layer starts well within 

the main water layer shown by MRS (e.g., site 30; Fig. 6b), 

which makes it inappropriate to use MRS geometry. The prob-

lem with equivalence can be illustrated with the resistivity of a 

water layer that varies due to equivalence between 9–11 Ωm (site 

27; Fig. 10a), corresponding to an aquifer conductivity between 

900–1100 μS/cm. In a geophysical context this difference is very 

small, whereas it is quite large from a water quality perspective. 

Still the salinity (TDS) and the hardness of the aquifer show a 

very high correlation to conductivity of water, which would 

make it possible to directly determine these parameters if the 

water conductivity could be better estimated from VES.

Origin of water and aquifer conductivity
The vertical variations in the aquifer conductivity determined by 

VES are reflected in the water EC samples collected from shal-

low and deep wells. The average conductivity of water from the 

deep wells (EC ≈ 300 μS/cm) is higher than for water from the 

shallow wells (EC ≈ 100 μS/cm). Most water from deep wells is 

not of NaCl-type and therefore does not originate from the halite 

dissolution of the Thangon Formation but rather from the natural 

dissolution of minerals as the water moves through the strata. 

Furthermore, the EC correlates better with Mg, Ca, possibly 

associated with limestone/dolomite weathering, than with Cl and 

Na (Table 4). The low-resistive clay layer of the Thangon 

Formation might even work as a salinity barrier, hindering the 

groundwater to mix with the halite. Still, the interpolated maps 

of TDS and VES resistivity of the main water layer and the bot-

tom confining layer together with T
MRS

 and Hw (Fig. 11) indicate 

that in one case (site 22; Fig. 5a), the high TDS originates from 

the bottom confining layer. The water here is of NaCl-type sug-

gesting halite dissolution from the Thangon Formation. The 

resistivity low of the bottom layer coincide with the high H
w and 

T
MRS

, which implies that the aquifer system is quite vulnerable 

here and that incautious drilling in this area could pollute the 

whole aquifer.

 The stronger correlation between VES and water conductivity 

in deeper wells than in shallow wells (Fig. 10) may depend on 

the often higher water content and conductivity in the deeper 

water layers, which should contribute more to the aquifer con-

ductivity measured by VES. In shallow water layers the aquifer 

material may instead have a stronger influence, as the water 

content and conductivity are usually lower. A cross-correlation 

tom constraining layer (Fig. 11d), situated below the main water 

bearing layer. H
w estimated from MRS, gives a direct volumetric 

estimate of the free water content in an aquifer:

 (3)

where Δz is the aquifer thickness (Lubczynski and Roy 2005). 

T
MRS

 is a measure of the hydraulic properties of the aquifer 

(Legchenko et al. 2002) and is estimated from

 (4)

where the site specific constant (CT) is derived from MRS data 

and pumping test transmissivity. There is still only one pumping 

tested well (8-13) in the area (JICA 1993) with corresponding 

MRS data gathered from site 20 (Fig. 4). However, the MRS and 

pumping test data are poorly correlated as the T
2
* of site 20 sug-

gests a coarser material than the transmissivity of the pumping 

test. Consequently, instead of using a C
T based on a single, pos-

sibly inaccurate observation, T
MRS

 from all sites are normalized/

divided by the MRS with the highest transmissivity value. This 

still returns the relative transmissivity distribution of the area.

The TDS that has been determined on water from 17 deep 

wells is highest in the central part of the area (558 mg/l; well 

8-4). There is a trend of decreasing TDS from the central part to 

the south and to the north. The N
2
Q

1-3 
unit dominates in the cen-

tral western part of the area, where the resistivity of the main 

water layer is high. In the eastern part, where the Saysomboun 

Formation is more dominant, the resistivity is lower (Fig. 11a). 

The resistivity of the bottom confining layer is quite constant 

within the area, except for a thin corridor stretching from the 

central part (18.51° N, 102.43° E; site 22) and southward, with a 

minimum at sites 16 and 15 (Fig. 11b). In the south central part 

the maximum H
w and T

MRS
 correlate well with each other and 

with the resistivity low of the bottom layer but it is also located 

somewhat different compared to the TDS maximum (Fig. 11c,d).

DISCUSSION
Accuracy of geophysical interpretation
The Vientiane Basin is flat with elevation undulating from 170–

190 m above sea level, which makes it difficult to predict the 

groundwater occurrence from the visible environment. The aqui-

fers vary in geometry, number of water bearing layers and 

amount of water and decay time from one site to another. The 

resistivity of the aquifers can vary from 1–10 000 m within the 

N
2
Q

1-3
 unit, which results in many different types of sounding 

curves and makes it difficult to identify aquifers or almost 

impossible to estimate storage or hydraulic properties from only 

VES data. When borehole data are present the uncertainty in 

both VES and MRS interpretation decreases considerably. 

However, in many cases geological data are missing. Then, the 

use of a first MRS model to identify water layers and compare 

layer thicknesses with the VES curve helps to reduce the uncer-
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 There is a fairly strong relationship between the conductivity 

of water from deep wells and the conductivity of the main water 

bearing layer determined by VES, where the best fit is obtained 

using: EC[μS/cm] = 0.4694VES[μS/cm], R2 = 0.69. However, 

due to equivalence in the VES interpretation and the difficulty to 

estimate the resistivity contribution from finer sediments, the 

equation may be seen and used as guidance to good water qual-

ity only within the Vientiane Basin or in other areas with similar 

geology.

 The combination of MRS and VES techniques has been suc-

cessful in distinguishing high conductive clay and mudstone 

from water bearing layers and moreover freshwater aquifers 

from salt affected water. Furthermore, the combination of MRS 

and VES allows also identifying water layers in the VES curve 

and constraining the number of possible MRS and VES solutions 

and hence decreasing the uncertainty in the interpretation. 

Altogether, this makes MRS and VES very promising tools for 

guidance of future drillings and water quality estimation.
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Abstract
Almost all drinking water in Gotland is groundwater and is mainly found in karst limestone.  
However, the unpredictable location and geometry of the karst cracks and caverns makes it 
very difficult to estimate groundwater storage and movement, as well as contaminant 
transport. The aim of this study was to test the performance of different geophysical 
techniques like Magnetic Resonance Sounding (MRS), Radiomagnetotelluric (RMT), Vertical 
Electrical Sounding (VES), Ground Penetrating Radar (GPR) to characterize aquifers in 
Gotland, in respect to geometry and storage as well as connectivity over a wider area. The 
investigated area is located on the south-eastern part of Gotland, about 10 km north-west of 
the village Ljugarn. The geology here is dominated by 50 to 60 m thick successions of 
limestone that gradually turn into marlstone. The use of multiple techniques has shown to 
give a more coherent interpretation. However, the shallow penetration depth of GPR and the 
lack of soil cover in some places of the investigated area limit the use of geoelectrical 
methods and GPR. With MRS, the main water layers were identifies at depths between 10 and 
60 m and with maximum water content at depths of 20 to 30 m, which coincides with the 
most resistive sections of the limestone. The water content varies between 0 and 5 %, with a 
relaxation time (T1MRS) less than 400 ms suggesting that the aquifer is hosted in small 
fractures, molds and vugs rather than larger karst fractures and caverns.  Two potential 
aquifers were identified with MRS, possibly separated by marlstone. From modelling it can 
be seen that such boundary separating two aquifer apart can be more easily discriminated in 
the N/S-, than in the E/W direction. In summary, MRS is therefore the only method in this 
survey that can detect and determine the vertical and lateral distribution of water within the 
aquifer together with the total volume of free water.  
The RMT method has shown effective in characterizing the limestone/marl interface, but also 
to locate anomalous low resistive zones, possibly associated with salt water. RMT also helps 
to constrain the final MRS model by choosing a suitable regularization for the MRS 3D 
inversion. All together, the combination of MRS and RMT seems most efficient and 
promising for future groundwater explorations on Gotland.
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Introduction
Almost all drinking water in Gotland is groundwater and is mainly found in karst limestone. 
The unpredictable location and geometry of the karst cracks and caverns makes it very 
difficult to estimate groundwater storage and movement, as well as contaminant transport 
(Eklund, 2005; Vattenmyndigheten, 2007). The access to groundwater is usually related to 
dense limestone lithologies. Relatively good aquifers are found in the mid-northern part of 
Gotland, whereas the groundwater access is limited in the northern part, the south-western 
coast and the eastern part of Gotland (Fig. 1; key map). Since most groundwater is formed 
during a period stretching from November to April, a shortage of drinking water can also 
occur locally during the summer months. The thin and in some areas lack of soil cover makes 
the aquifers vulnerable to contaminants originating from pesticides and fertilizers used in 
agriculture. When examining the water quality from official water supplies in Gotland, 25% 
of the water supplies had residues of pesticides (Vattenmyndigheten, 2007). Also, well 
records stored at the Geological Survey of Sweden (SGU) show that from 149 investigated 
wells as much as 61 % of the wells had a raised chloride content defined here as >50 mg/l and 
26 % exceeded the taste limit of 300 mg/l (Olofsson, 1996; SEPA, 2007). The salt affected 
wells are not only located along the coastline but wells with concentrations up to a couple of 
thousand mg/l can be found as far as 20 to 30 km inland, suggesting that the saline water not 
only originates from sea water intrusion but are also fossil (Eklund, 2005; Lindewald, 1985). 
The dependence of groundwater and the complexity and vulnerability of aquifers in Gotland 
demands for an efficient tool to characterize groundwater supplies regarding their geometry, 
storage and hydraulic properties as well as connectivity over a wider area.  

The aim of this study is to test the performance of different geophysical techniques like 
Magnetic Resonance Sounding (MRS), Radiomagnetotelluric (RMT), Vertical Electrical 
Sounding (VES), and Ground Penetrating Radar (GPR) to characterize an aquifer in Gotland. 
Furthermore, we want to evaluate how and when these different methods can be used together 
most efficiently. Drilling is the most capable and accurate method to detect aquifers; however 
the unpredictable occurrence of water in karst over larger areas makes the drilling cost 
substantial. The petrophysical properties of karst aquifers are to a large extent influenced by 
the water content and salinity, e.g. electrical conductivity determined from VES and RMT 
measurements (Guerin and Benderitter, 1995; Linde and Pedersen, 2004) and dielectric 
permittivity from GPR measurements (Al-fares et al., 2002; Anchuela et al., 2009). MRS, in 
contrast to other geophysical techniques gives a direct measure of the free water content, but 
also the pore size distribution with depth (Legchenko and Valla, 2002). With MRS it is 
possible to determine both storage and hydraulic related parameters far less ambiguous than 
with classical geophysical technique (Lubczynski and Roy, 2003). MRS has also proven to be 
successful method in detection and characterization of karst aquifers using 1D or 2D inversion 
(Boucher et al., 2006; Girard et al., 2007; Legchenko et al., 2008; Vouillamoz et al., 2003). 
However, karst aquifers are usually 3D structures. This study illustrates a working 
methodology for 3D inversion and demonstrates the possibilities and limitations of using 
MRS for groundwater exploration in a geological environment such as in Gotland. 
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Fig. 1. Bedrock map of the central eastern part of Gotland. The investigation area is marked with a 
transparent rectangle.  

Geological Setting 
Three major areas on Gotland are dominated by dense limestone lithologies. One area is 
trending northeast from Visby to Fårö, a second area covers large parts of central Gotland and 
the third area is found in the southernmost part (Fig. 1; key map). These areas coincide with 
topographic highs, thin Quaternary cover and frequent karstification. Reefs, talus deposits 
(calcirudite) and lagoonal carbonates are frequent. Between these limestone dominated areas 
there are low lying areas dominated by marl and marlstone with frequent intercalations of 
limestone (calcarenite and calcilutite). The Quaternary cover is here thicker and the bedrock is 
mainly exposed in quarries, temporary trenches and ditches. 
The limestone lithologies in the central parts of Gotland (Fig. 1) are up to 20–60 m thick and 
they are dominated by stromatoporoid reefal limestone, biocalcarenite and ruditic limestone 
(Erlström et al., 2009). The deposition occurred in shallow water reef associations in laterally 
varying conditions. Much of the exposed bedrock in the area around Ala-Ardre is composed 
of 10-40 cm thick nodular beds of stromatoporoid limestone interbedded by 5–10 cm thick 
beds of biocalcarenite. Layers with conglomeratic and very coarse limestone with chaotic 
bedding occur frequently (Fig. 2a). These reflect a proximal deposition close to the reef front 
and they are likely formed as debris flows adjacent to the reef bodies. The bedrock is 
frequently exposed or only covered by a thin soil cover. The exposed bedrock surface is also 
frequently affected by karstification which has resulted in up to 1 m deep karren structures 
(Fig 2b). 
There are unfortunately very few observations on the subsurface lithological succession in the 
eastern part of central Gotland. One core drilling at Ala (Fig. 1) is the only data set that gives 
a detailed picture of the subsurface bedrock succession. The borehole data give a maximum 
limestone thickness in the range of 50 to 60 m. The limestone sequence is dense and well 
indurated and overlies beds of dark grey marl and marlstone. The bedding is irregular and part 
of the interval has a reef like structure giving a chaotic bedding structure of the rock. 
Fractures occur relatively frequently and are commonly subvertical and undulating with a 
varying open aperture. Calcite infillings and complete sealing of the original fractures are 
common. The boundary towards the underlying marl/marlstoneis gradual. The bedding 
becomes more regular and the amount of marlstone interbeds increase with depth. There is 
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also a higher frequency of fractures occurring along the bedding planes indicating planes of 
weakness parallel to the bedding.  
Beside limestone there occur scattered thin beds and layers of marl in the sequence. 
The limestone is in general very dense and the porosity is generally very low (<5%). This is 
caused by diagenetic alteration of the limestone with recrystallization and a high amount of 
secondary calcite mineralizations filling most of the original pore space. The observed 
porosity is related to fractures and molds and vugs. The effective porosity is generally lower 
than the total because of the isolated pores.  
As a whole the limestone sequence can be characterized as a fractured reservoir with only a 
few percent reservoir capacity of the total volume. Smaller faults, fracture zones and 
lineament occur frequently with major trends corresponding to 270-310°E and 40-60°E. The 
water well drilling in the area have shown local water inflow in the limestone unit (between 0 
and 1 500 l/hr), however the main inflow of water occur in the interface between the 
underlying marl and the basal limestone layers. Here a capacity of 5 000–6 000 l/hr has been 
measured.  

Fig. 2. a). Typical bedding in a limestone outcrop in the Ala-Ardre area. The limestone is composed of 
coarse calcirudite and stromatoporoid limestone, often with a proximal origin to a reef. b) Bedrock 
surface close to the Ala borehole. Note the typical karren structures in the topmost part of the limestone. 

Investigation area 
The investigated area is located on the south-eastern part of Gotland, about 10 km north-west 
of the village of Ljugarn (Fig. 1). Measurements have been made along a small road in a clear 
cut area within the pine forest (Fig. 3). The soil cover is thin and outcrops of limestone can be 
found in the north-western as well as the south-eastern part of the study area. The area is quite 
flat with a mean elevation of about 50 m above sea-level. 
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Fig. 3. Investigation area located about 10 km north-west of the village of Ljugarn. 

Method and Result 
For this study, the Complex resistivity (CR) method have been used to determine the 
resistivity of borehole samples from Ala-1 in the geophysical laboratory at Luleå University 
of Technology (LTU) and  four different geophysical techniques have been used in field 
(listed in table 1): Radiomagnetotellurics (RMT); Vertical Electrical Sounding (VES); Ground 
Penetrating Radar (GPR) and Magnetic Resonance Sounding (MRS). The MRS, VES and 
GPR measurements were carried out during two weeks in August, 2009, whereas the RMT 
data were gathered in the beginning of November 2009.  

Table 1. Methods, instruments and inversion software used in the study. 
Method Instrument Manufacture Interpretation software Manufacture

MRS Numis-Plus Iris Instruments Samovar Anatoly Legchenko1

RMT EnviroMT Uppsala University Rebocc (modified) Thomas Kalscheuer2

VES SAS4000 ABEM IPI2win Moscow State University 
GPR RAMAC Malå Geoscience Reflex2Dquick Sandmeier scientific software 
CR ComplexRes LTU Mathcad-sheet Hans Thunehed3

1LTHE, Grenoble, France; 2 ETH Zürich, Switserland; 3Geovista AB, Luleå, Sweden

Complex resistivity (CR) 

Method and field setup 
The complex resistivity (CR)/spectral induced polarization (SIP) instrument used in this study 
has been developed at the petrophysical laboratory in Luleå University of Technology and 
measures the resistivity and phase for frequencies varying between 0.1 and 30 Hz against a 
reference resistance that can be varied between 2, 10, 100 and 1000 k  for both cylindrical 
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and cubic rock samples. The data has then been fitted to the Cole-Cole model (Pelton et al., 
1978):

ci
m

)(1
111)( 0        (1) 

using a Monte Carlo inversion scheme in MathCAD developed by Hans Thunehed (Triumf et 
al., 2000), where  is the resistivity at the frequency , 0 is the dc resistivity and m,  and c
are the chargeability, time constant and shape factor, respectively. The chargeability and the 
time constant has shown to have a correlation to the clay content and hydraulic conductivity 
of the rock, respectively (Pelton et al., 1978). 

Result
CR measurements were made on 8 saturated samples at depths of 8, 28, 56 and 70 m from the 
Ala-1 borehole. The limestone is rather homogenous at depths between 8 and 27 m (5000- 
14000 m) but between 56 and 71 m the interbedding of marl becomes more frequent (140 
and 2200 m) and the resistivity decreases accordingly. An example of one CR measurement 
is shown (Fig. 4a) from 70.1-70.3 m depth. The porosity has been estimated for each sample 
by weighting the sample wet, dry and immersed in water. Higher porosities (3-5%) are here 
normally associated with higher visible content of marl, whereas lower porosities (0.8-1%) 
are associated with more pure limestone. There is an exponential correlation between porosity 
and resistivity (Fig. 4b). The chargeability and the time constant are fluctuating unpredictably 
between samples and there is no correlation between them and resistivity/porosity. 

Fig. 4. a) Inversion fit (solid line) to measured resistivity (diamonds) and Phase (circles). b) Resistivity ( )
and Porosity ( ) correlation for rock samples at depths between 8 and 72 m. 

Radiomagnetotelluric (RMT) 

Method and field setup 
The RMT (Radiomagnetotelluric) method makes use of the signal in the frequency range 
between 15-250 kHz from long-distance radio transmitters. Induction of currents in the 
ground generates electric and magnetic fields and with the tensor RMT technique, two 
horizontal components of the electric field and three components of the magnetic field are 
measured simultaneously. The ratio between the horizontal electric and magnetic field 
components for each frequency are directly related to the resistivity of the ground. The signal 
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at lower frequencies penetrates deeper into the ground and the variation of resistivity with 
depth can then be determined. The RMT data were acquired with the EnviroMT system, 
developed at Uppsala University (Bastani, 2001).  
The RMT method has earlier been used for groundwater studies in karst environments; E.g. 
Turberg et al., (1994) used the scalar form of the RMT method for hydrogeological 
applications. More recent examples from RMT groundwater exploration in glacial and sandy 
formations can be found in Pedersen et al. (2005) and Ismail et al. (2011). Linde and Pedersen 
(2004) showed evidence of electric anisotropy in limestone on the island of Gotland and the 
RMT method also showed to be successful in delineating the stratigraphy of sedimentary 
layers of limestone and marl (Persson et al., (2008) and Erlström et al., (2009). 
The total length of the measured RMT profile in the present study was 450 m and all 
measurements were made along a small road with a sampling distance of 10 m and 50 
stacking. Overall the data quality was good with a S/N larger than 10 dB  from 32-40 
transmitters for each station. The measured electric and magnetic fields are then transformed 
into resistivity and phase at each frequency and station. After processing of the RMT data, 
with a band averaging technique (Bastani, 2001), 8 frequencies from 14 to 226 kHz were used 
for the 2D-inversion.  
For the modeling of the RMT data we used the modified version of the inverse code Rebocc, 
which allows for displacement currents (Kalscheuer et al., 2008; Siripunvaraporn and Egbert, 
2000). REBOCC stands for REduced Basis OCCam's Inversion and the inversion method 
used is of Occam type and is based on smoothing through regularization. The determinant 
data were used in the 2D-inversion. The theoretical 2D determinant data can be considered as 
the arithmetic mean of TE and TM mode and is preferable to use when the regional strike is 
unknown or when 3D-structures are present. In these cases the determinant data may show 
reliable models compared to the joint TE and TM mode (Pedersen and Engels, 2005).  

Result
The observed apparent resistivity vary from ca 300 to 1400 m (Fig. 5a). In the middle of the 
profile a low resistive structure is present. For the lowest frequencies the resistivity decreases 
slightly and moreover the phases increase to above 50° (Fig. 5b) indicating a conductor at 
depth. The corresponding model response from the 2D-inverson (Fig. 5c-d) with an error floor 
of 3% on the apparent resistivity, shows a normalized RMS of 2.3% (Fig 5e-f), reached after 
seven iterations. 

The resistivity model from the 2D-inversion (Fig. 12a), shows principally three layers; at the 
top, a thin low resistive layer (< 300 m), that probably correspond to the overburden 
followed by a more resistive layer (> 1000 m) indicating massive limestone. The third layer 
is characterized by a lower resistivity (< 300 m) indicating marl. The thickness of the high 
resistive limestone layer varies significantly along the profile, from 20 up to 60 m. The low 
resistivity section found in the limestone layer in the middle of the profile (200-250 m) may 
be caused by a higher content of marl or fractured (faulted) limestone. A highly conductive 
part (< 30 m) is also found here, below 80 m depth. This anomalous conductivity may 
indicate the presence of saline groundwater. The resolution of the RMT method is however 
rather limited at that depth and no detailed model of its distribution can be obtained.  
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Fig. 5. Inversion fit of RMT data showing a) observed apparent resistivity and b) phase; Estimated c) 
resistivity and d) phase and  normalized error for e) apparent resistivity and f) phase. 

Vertical Electrical Sounding (VES) 

Method and field setup 
Four VES measurements were conducted along the RMT profile with a distance of ca. 100 m 
apart. The Schlumberger configuration was used with a maximum AB/2 distance of 300 m, 
and a stacking between 4 and 6, which resulted in an average standard deviation of the data 
less than 0.1%. The investigated area has a thin but sufficient soil cover to inject a current 
usually between 50 and 100 mA. Depending on the karst being filled with air or water, local 
high or low resistivity anomalies may be expected. The data has been constrained with 
RMT/MRS geometry.  

Result
The VES data are of quite good quality and models with 4 to 5 layers can be fitted with a 
RMS varying from 2-7 % from site to site and an apparent resistivity varying between 200 
and 2000 m. In the western and eastern part of the profile (VES1, VES2 and VES4; Fig. 
12a) the soil cover is about 1.5 m. The underlying limestone can be divided into one medium 
resistive layer (ca 1000 m) with a thickness of 10 to 20 m and a second more resistive layer 
with a thickness of 40 to 50 m with a resistivity (10000-30000 m). The apparent resistivity 
curve shows a steep negative gradient at AB/2 distances larger than 200 m, which is an 
indication of marlstone, starting at depths of 40-70 m. However the AB/2 distances are too 
short to determine the true resistivity of this layer. VES3 situated in the middle of the profile 
show a thicker soil cover (ca. 4 m). The low resistivity of the second layer could be an 
indication of higher content of clay (Fig. 6).
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Fig. 6. An example of a Vertical Electrical Sounding (VES3) illustrating the inversion fit and the model 
resistivity distribution with depth.  

Ground Penetrating Radar (GPR) 

Method and field setup 
The GPR measurements were conducted with a RAMAC system, using a 250 MHz shielded 
antenna (Malå Geosience), with a sampling frequency of 2500 MHz and a trace interval of 10 
cm. The number of stacking was set to 8. One profile is located along the road (GPR1) 
coinciding with the RMT profile whereas the three other profiles (GPR2, GPR3 and GPR4) 
are trending SW-NE (Fig. 3) perpendicular to GPR1 and crossing the profile in the 
southeastern, middle and northwestern part, respectively. The processing of the GPR data 
included time zero adjustment, subtraction of DC-shift and dewow, gain function, bandpass 
filter and background removal. A propagation velocity of 0.095 m/ns corresponding to the 
average velocity of the 4 m thick soil cover was used for the time-depth conversion of the 
radargram (Fig. 12c). Limestone has a dielectric constant corresponding to 7-8 (Daniels, 
2004), which would create clear reflections at the boundary of the  water or air filled cracks, 
as long as the fractures are sufficiently open.  

Result
GPR clearly distinguish the soil-limestone interface in the area at a depth of 0.5 (in the 
western part) to about 4 m (in the middle to the north eastern part). The unsaturated and 
saturated soil cover shows a good correspondence to VES3 with a velocity of 0.1 and 0.09 
nm/s, respectively (Fig. 7). The limestone seems to be homogenous with no obvious 
reflections from cracks or fissures. The depth of penetration is difficult to evaluate since it is 
complicated to assess if the radar waves are attenuated or the material of propagation is 
homogenous. However, below the depth of 10 m, the signals are weak and clearly affected by 
noise, without any resemblance of reflections.

Fig. 7. The GPR section between profile coordinates 180 and 300 m. Two major horizontal reflections are 
visible at depths of 2.5-3 m as well as at 4 m. 
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Magnetic Resonance Sounding (MRS) 

Method and field setup 
MRS is a non invasive geophysical technique that energizes the hydrogen nuclei in 
groundwater by transmitting a resonance electromagnetic pulse with the Larmor frequency. 
The energized nuclei then generate a secondary magnetic resonance signal, i.e. measured on 
the surface. The method and principles are thoroughly described in Legchenko and Valla, 
(2002) and Hertrich (2008). The initial amplitude of the decaying signal (E0) induced in the 
antenna by the relaxation of the nuclei is directly related to the water content and the time of 
relaxation (T2*) is related to the mean pore size of the material, and hence the grain size and 
hydraulic conductivity. T2* is highly influenced by magnetic inhomogeneities, which makes it 
less reliable in estimating the mean pore size. The longitudinal relaxation (T1MRS) has shown 
to be more consistent (Legchenko et al., 2004) and can be determined by a double pulse 
technique (Fig. 8a-b), where the relationship between the signal amplitudes and the delay 
between the pulses returns the T1MRS. By increasing the pulse moment, signals can be retrieved 
from deeper parts of the subsurface and the vertical distribution of water can be determined. 
The MRS measurements on Gotland were carried out along roads crossing the investigation 
area (Fig. 3), using a 100 m square loop. MRS data from 21 sites were interpreted with the 
inversion software Samovar v11.3, based on the least square solution with regularization 
(Legchenko and Valla, 1998). In the investigation area, the magnetic field intensity was about 
50700 nT and the inclination of the field was 71°. Loops have been positioned side by side in 
the eastern part and half-side overlapped loops in the western part in an attempt to get a 
continues image of the water content distribution. The different ways of positioning depend 
on the terrain and the change in signal amplitude from site to site. The signature of karst 
aquifers is defined from the relaxation time (T1MRS). Karst aquifers have long relaxation times 
(T1MRS 1000 ms), whereas porous medium have shorter relaxation times (T1MRS<400 ms) 
(Legchenko et al., 2008). Relaxation times (T2*) lower than 40 ms are not measureable with 
our Numis-equipment and is usually associated with clay (Shirov et al., 1991) or in this case 
marl. The porosity of the limestone matrix is usually low (<1 %; Boucher et al. (2006)) as can 
also be seen from the porosity estimates of more massive limestone samples from the Ala 
borehole.

Result of 1D inversion 
T2* varies between 120 and 250 ms and maximum amplitudes varies between 43 and 93 nV 
with higher amplitudes along a NW-SE trending section in the central part of the investigation 
area (Fig. 11a). From 1D inversion, the general trend is that the main water layer is found 
between depths of 0 to 60 m, with maximum water content between 1 and 2.2 % (Fig. 8c). 
The T1MRS inversions are generally of poor quality due to high levels of noise but also due to 
the second pulse moment is smaller than the first pulse, which undoubtedly affects the quality 
and reliability of the T1MRS-result. The apparent (measured) and inverted T1MRS are still lower 
than 400 ms (Fig. 4c) in all sites, which suggest that the aquifer medium is not associated with 
larger cracks, but rather with a more porous rock.  
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Fig. 8. a)  a) Filtered signals from the pulse moment (Q) 1725 A*ms at site 1, shows a relatively short T2*.
b) T1MRS inversion fit of site 1, where diamonds and triangles are data and continues and hatched lines are 
the model curves of the first and second pulse, respectively. Black dots are measured noise c) The inverted 
model from site 1, illustrates the water content and T1MRS distribution with depth. 

Method of 3D inversion 
The 3D inversion builds up a model of cells or voxels over the investigated area. The effect of 
each cell on the different loops (in this case 21) is computed with linear filters. It is therefore 
important to determine the maximum volume or number of cells exposed by one loop to 
minimize the computing time of the linear filters. The maximum depth of penetration is 
automatically modeled in Samovar for a 1 m thick layer of 100 % water, which in the case of 
a 100 m square loop and with the resistivity distribution determined from RMT, amounts to 
about 120 m. The linear filters are computed for each cell within the affected area of the loop. 
The cell size has been selected with reference to the gradient in maximum signal distribution 
(Fig. 11a), which is not changing with any larger gradient than could be modeled with a 
40*40 m2. The affected area of one loop is here modeled for a 320*320 m2 area, using 
saturated cells of 40*40 m2 moved with 40 m equidistance within the area. The aquifer 
geometry from Site 1 has been used as input model, as it reasonably well corresponds to an 
average characteristic of the investigation area. The water content has cautiously been 
overestimated to 40%, as this could correspond to larger fractures and cavities in limestone. 
The asymmetry of the signal distribution is due to the inclination of the geomagnetic field, 
which will render higher amplitudes in the southern part of the loop (Fig. 9) for measurements 
conducted in the northern hemisphere (Girard et al., 2007). No signal is obtained at distances 
> 160 m from the loop center. At a distance of about 120 m from the loop center signals of 
10-20 nV can be expected, which determines the boundary of the exposed volume from this 
point.

Fig. 9. Modeling of the signal distribution for a 100 m square loop with the geomagnetic field condition 
and resistivity distribution typical for the area, created by a cell (40*40*40 m3) with 40 % of water 
situated between 10 and 50 m. The cell is moved over the area with an equidistance of 40 m. The affected 
area is defined for the 3D inversion as 240*240 m2.
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3D Inversion result 
The data have been inverted with both amplitude and complex inversion for different 
regularizations for the cell size 40*40*5 m3, where the amplitude inversion has been chosen 
to present the final model. An approximate solution is found through the minimization of the 
Tikhonov’s function (Legchenko et al., 2011). However, the final choice of regularization was 
determined from comparison of MRS with the RMT resistivity distribution, as RMT clearly 
distinguish the limestone-marl interface. The inverted voxel model is here presented as depth 
slices at depths of 10, 20, 30, 40 and 50 m (Fig. 10a). The water content varies between 0 and 
5 %, where most of the water in the investigated area is distributed along a 200 m wide 
corridor stretching from the north-west to south-east, corresponding to the major fault 
direction in the area. The water content maximum is found between 20 and 30 m in depth. 
There is an indication of two water bodies, one in the north-western and one in the south-
eastern corner, respectively. This can best be seen at depths of 20 to 30 m with two water 
content maxima. Below 50 m in depth there is hardly any water at all.  

Modeling of water volume 
To estimate the volume of free water, the water content in each cell is multiplied by the cell 
volume and summed up. However, at the edges of the inverted area, artifacts can be present 
that corrupts the estimated water volume. A way to overcome this problem is to model the 
volume of water (Fig. 11a-c) by dividing the investigation area into different model blocks 
(Fig. 11b), where each block shear the same water content characteristics. Here, the vertical 
and lateral extensions of the blocks have been defined from 3D inversion (Fig. 10a) and from 
the maximum amplitude distribution (Fig. 11a). On basis of this, the estimated volume of 
water exceeds 100000 m3 in the investigated area.  

Integrated Interpretation 
From CR measurements it is possible to estimate the resistivity of the limestone with a 
varying content of marl. A relatively homogenous limestone has a resistivity of > 5000 m
and a corresponding porosity of <1 %, whereas higher concentrations of marl result in 
resistivities  2000 m and porosities between 3 and 5 %. In one sample, the content of marl 
seems to exceed the content of limestone and the resistivity is then as low as 140 m with a 
corresponding porosity of 10 %. From resistivities defined with CR, both the RMT and the 
VES methods can distinguish the high resistive potentially water bearing limestone be from 
the underlying impermeable marlstone at depths between 40 and 60 m, with marlstone closer 
to the surface at a distance between 150-250 m along the profile (Fig. 12a). The parallel MRS 
section shows that the water content here varies between 0 and 2.7 % and is distributed from 
the surface and downward to about 50 m, with little or no water at a distance between the 
profiles coordinates 100 and 250 m (Figs. 10a and 12b) where the marl is closer to the 
surface. For a porosity varying between 2 and 5%, the aq differ between 5000 and 100000

m, corresponding quite well to the measured resistivity values in field.  
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Fig. 10. a) Water content distribution at different depths from 3D inversion. b) Inversion fit where 
measured  signals (diamonds) and calculated signals (solid line) are plotted against the normalized pulse 
moments. 

Fig. 11. a) Sites and boxes plotted above a contour map with maximum amplitudes. b) Box model. c) 
Modeling fit, where field data (diamonds) and model (solid line) are plotted against the normalized pulse 
moments. 
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Furthermore, the short T1MRS (<400 ms) and T2* ( 100-250 ms) relaxation time, strongly 
suggests that the water is detained by a porous medium rather than larger fractures. Still, the 
maximum water content amounts to ca 5 % and ca 2.2 % from the 3D and 1D inversion, 
respectively, which is clearly more than the measured porosities of the homogenous limestone 
in the borehole samples (< 1%). This suggests that the aquifer is related to a secondary 
porosity originating in small fractures, molds and vugs, rather than the primary porosity of the 
limestone or larger fissures and cavities. The RMT resistivity is also lower in the limestone in 
this section, which could suggest a greater concentration of marl as defined by the CR 
measurements and therefore less measureable water by MRS. This decrease in resistivity 
could also be the result of a fractured limestone, however no indication of that is seen in the 
GPR data. The maximum water content generally coincides with the high resistive limestone 
at depths of 20-30 m where one instead would expect a decrease in resistivity. In the north-
western part of the area (outside the map in Fig. 3) limestone outcrops and GPR clearly 
distinguish between the upper soil cover and the limestone located at a depth of 0.5 m in the 
western area, with a maximum of about 4 m in the middle of the profile, (Fig. 12c). Between 
profile coordinates 250 and 400 m, a second layer appears at a depth of about 3-4 m, which 
can be seen in VES3 as a low resistive layer (80 m), which could be interpreted as saturated 
swampy soil or fractured limestone. The top, low resistive layer of the RMT section is clearly 
thicker in this area as well. RMT indicates a low resistive layer possibly associated with salt, 
starting at a depth of 80 m between profile coordinates 100 and 300 m, seen by VES2 and 
VES3 as well. From the MRS measurements no water can be detected at this depth, which 
implies that the indicated salt affected layer is associated with marlstone. 

Discussion 
Variation of resistivity and porosity 
The RMT and CR data show similar range of resistivities, whereas the inverted VES 
resistivities are generally higher. This could to some extent be explained by the interbedding 
of marl and limestone. The induced current flow from RMT is mainly horizontal and the 
current will hence mostly flow through the more conductive marl, whereas the injected 
current from VES will be conveyed through both the more resistive limestone and the marl, 
resulting in higher resistivities in the VES model (Seidel, 2005). A combination of the two 
methods could in this way distinguish highly anisotropic limestone. The smoother multilayer 
RMT model could also generate lower resistivities compared to the VES block model. The 
borehole samples from the Ala-1 borehole show that there is a smooth transition from massive 
limestone to more interbedded limestone-marl, which favors the choice of a smooth resistivity 
model. Archie’s formula (Archie, 1942) for a saturated medium: aq= w· -m, where aq and 

w denotes the aquifer and water resistivity, respectively and  the porosity, can be used to 
estimate the aquifer resistivity for a porous medium. The cementation factor m can vary from 
about 1 in loosely consolidated rock to about 3 in well indurated limestone (Gluyas and 
Swarbrick, 2004). All the samples from the Ala borehole have an m varying between 1.8 and 
2.2 determined from porosity and resistivity measurements. The monitored wells in this area 
have on average a w of 20 m (Eklund, 2005).
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Fig. 12. Cross-sections oriented along the trail trending NW-SE (Fig. 3) for a) Resistivity RMT and VES 
data [ m]; b) MRS water content [%] and c) GPR radargram (OBS! Note the difference in vertical scale).  

Connectivity of aquifers 
MRS cannot determine the direction of flow. However, MRS can detect natural barriers 
separating water bodies from each other. Legchenko et al. (2011) illustrates how to minimize 
the number of loops, while keeping acceptable accuracy and resolution. They show that half-
side overlap loops are the best compromise, while side-by-side loops, although the lower 
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accuracy, still can give reasonable result. The quite homogenous maximum amplitude 
distribution in the study area and the comparison between 1D and 3D inversion results 
suggest that the 1D inversion gives reliable results. In 3D, the estimated water content is a 
little bit higher and discontinuities in groundwater distribution become more obvious. The
two water content maxima in the north-western and south-eastern parts could be an indication 
of two different aquifers, separated by limestone with a higher degree of marl. Modelling of 
two blocks (with water content and aquifer geometry corresponding to the investigated area; 
Fig 13a) separated horizontally by 0-180 m illustrates, that at about 35 m the amplitude has 
decreased by 20 %, which, considering the local noise conditions, probably is the best 
resolution possible for this loop configuration (Fig. 13b). At about 100 m separation, the 
amplitude decreases to about half and at about 180 m only 20% of the signal. This kind of 
barrier could be more easily identified in the north-south than east-west direction, due to the 
asymmetry of the signal amplitude distribution between the two loops (Figs. 13c and 9). 
However, the results suggest the necessity of using both MRS and RMT to be able to locate 
these kinds of barriers as the decrease in signal amplitude as easily could be interpreted as a 
decrease in water content.  

Fig. 13. a) Modeling of two blocks separated between 0 and 180 m for two side-by-side loops in the North-
South and East-West directions. b) The maximum amplitude decreases gradually to about 20% of the 
maximum value at a separation of 180 m. c) The asymmetry in signal distribution between the two loops 
in South/North direction at a distance of 100 m is due to the inclination of the earth magnetic field (see 
Fig. 9).  
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Conclusions 
In this study the geophysical methods MRS, RMT, VES and GPR were tested for 
characterizing aquifers in Gotland, in respect to geometry and storage as well as the 
connectivity of the aquifer over a more extensive area. The use of multiple techniques has 
shown to give a more coherent interpretation but also a more complete picture of the 
groundwater situation in the area. However, the shallow penetration depth of GPR and the 
lack of soil cover in some places of the investigated area make geoelectrical methods and 
GPR less efficient.  
MRS identifies the aquifer at depths between 10 and 60 m with maximum water contents at 
depths of 20 to 30 m. The water content varies between 0 and 5 % and relaxation times 
(T1MRS) less than 400 ms suggest that the aquifer medium consist of small fractures, molds and 
vugs rather than larger karst fractures and cavities. The boundaries between overburden, 
limestone and marl can be identified by RMT and VES. The peak water content measured 
with MRS usually coincides with the most resistive sections of the limestone, but no clear 
correlation can be seen between water content and resistivity. MRS is therefore the only 
method in this survey that actually detects water and thus determines the vertical and lateral 
distribution of water within the aquifer together with the free volume of water. Two potential 
aquifers were identified with MRS, possibly separated by marlstone. From modelling of two 
water saturated blocks it can be seen that a boundary between such two separated aquifer can 
be more easily discriminated in N/S-, than E/W direction due to the asymmetry of the signal 
distribution. RMT has shown to effectively characterize the limestone/marl interface but also 
to locate anomalous low resistive zones, possibly associated with salt water. RMT also helps 
to constrain the final MRS model by choosing a suitable regularization for the MRS 3D 
inversion. All together, the combination of MRS and RMT seems most efficient and 
promising for future groundwater explorations in geological environments like in Gotland.
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Abstract
The Magnetic Resonance Sounding (MRS) method, unlike other geophysical techniques, is 
directly sensitive to the water content in the ground and could contribute in characterization of 
aquifers in Sweden. However, standard MRS measurements have so far been unsuccessful in 
detecting water in the northern part of Sweden. This is due to large magnetic gradients caused 
by the crystalline basement rock, high magnetic susceptibility of the soils and electromagnetic 
noise in or in proximity to urbanized areas. In this study, the recently implemented MRS spin 
echo (SE) technique has been applied on ice roads in the Bothnian bay (Baltic Sea) to test the 
reliability of MRS SE results and the influence of large scale magnetic gradients on the MRS 
signals. The MRS SE technique has further been tested for different soil types in and in 
proximity to groundwater supplies in the city of Luleå, where the result has been compared 
and evaluated with geophysical and geological data. The measuring procedure has 
subsequently been tested and optimized to meet the conditions of magnetic environments. 
MRS SE measurements have shown to give reliable results from measurements on ice over 
free water, although, T2MRS are clearly affected by diffusion due to the long extrapolation time. 
From Earth magnetic field variations over the loop, it is noticed that even small horizontal 
intensity gradients in the field affect the T2* and that larger gradients > 100 nT/’affected area 
of the loop’ can diminish the T2* from 1000 ms to < 50 ms. The two separated square loop 
configuration used for measurements on land has shown to be very flexible in terms of 
location of the two squares compared to the figure eight loop but also efficient in reducing 
noise by careful adjustment of the loop layout. Measurements made in different geological 
environments show that the MRS SE technique cannot detect water in finer tills, silt and 
clays, constrained by the minimum delay time of the instrument (ca 70 ms), but is more 
suitable in coarser soils such as sand and gravel deposits. The MRS SE result from the site of 
the Luleå town water supply shows a good agreement with the estimated effective porosity 
from a near by borehole. Complementary GPR measurements have shown to be very efficient 
in characterizing the aquifer in respect to the groundwater table, layering and sediment 
structures. No free induction decay (FID) signals were observed in MRS records in 
measurement made on land, which decreases the risk of mixing FID and SE signals. 
Therefore, a standard SE measuring procedure (q2=2q1) is most successful with a pulse 
duration of 15 ms (q1). 
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Introduction
Sweden’s favorable climate (on average 554 mm of rain/year) and the eligible geology, in 
particular the many sand and gravel deposits, create perfect reservoirs for clean and easy 
accessible drinking water. About 50 % of the drinking water in Sweden originates naturally 
from groundwater or from “artificial groundwater”, i.e. water from rivers, lakes and creeks, 
filtered through sand or gravel deposits. The groundwater from municipal drinking water 
sources in Sweden is generally considered to be of good quality. However, in a nationwide 
survey of groundwater quality of private wells (Socialstyrelsen, 2008), the water in as much 
as 10 % of the drilled wells and 35 % of the dug wells in the study were declared unfit for 
human consumption. The main problems were related to microbiological growth, and elevated 
concentration of nutrients, salt, arsenic and uranium. Some of the major threats to Swedish 
drinking water resources are: the depletion of natural gravel deposits from quarrying, 
pollution from industrial activities, transportation and construction, and excessive withdrawal 
of groundwater in coastal areas leading to saltwater intrusion (SGU, 2011). The challenges of 
future groundwater planning and management according to SGU are on the determination of 
(1) where potential groundwater reservoirs are seated and the assessment of their capacity to 
provide sufficient and clean water on a yearly basis; (2) where lake or river water can be 
treated naturally by artificial infiltration and (3) where water can be obtained if a regular 
source for some reason has been contaminated or in other respects unfit to be used. Soil-, 
bedrock- and groundwater maps provide information about the locality of potential aquifers, 
however, little is known about vertical extension, layering, homogeneity, yield, porosity or 
transmissivity. 
 
Magnetic Resonance Sounding method (MRS) is a relatively new, non invasive method that 
in contrast to all other geophysical techniques is directly sensitive to the water content in the 
ground (Hertrich, 2008; Legchenko and Valla, 2002; Shirov et al., 1991).  
MRS has also proven to be a very promising tool in estimating storage and hydraulic 
parameters in fractured and weathered non-magnetic hard rocks (Baltassat et al., 2005; 
Descloitres et al., 2008; Legchenko et al., 2008; Lubczynski and Roy, 2005; Roy and 
Lubczynski, 2003). Due to large magnetic gradients caused by the crystalline basement rock, 
high magnetic susceptibility of the soils and high electromagnetic noise in or in proximity to 
urbanized areas, MRS measurements have until recently been unsuccessful in detecting water 
in the northern part of Sweden (Wattanasen and Elming, 2008). Problems related to high 
magnetic gradients resulting in poor MRS signals or unreliable data have been reported from 
other parts of the world as well (Legchenko et al., 2002; Roy et al., 2008). Recently, the more 
intricate MRS Spin Echo (SE) technique (Hahn, 1950) has been implemented in magnetic 
environments, such as Canada, Cyprus and India (Legchenko et al., 2010; Vouillamoz et al., 
2011) and it has proven successful in detecting water where standard MRS measuring 
procedures earlier were unsuccessful. 
In this study, standard- and SE measurements have been conducted on ice roads in the 
Bothnian bay, situated in the very northern part of the Baltic Sea (Fig. 1a).  
The area offers a good environment to test the reliability of MRS SE result and the influence 
of large scale magnetic gradients on the MRS signals. The MRS SE technique has also been 
tested in different soil types in and in proximity to the main groundwater supplies of the city 
of Luleå, where the result was compared and evaluated with geophysical and existing 
geological data. The measuring procedure has subsequently been optimized to meet the 
conditions of magnetic environments. 
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Geological setting 
The investigated area is part of the Fennoscandian shield and consists of intrusive, volcanic, 
metamorphic and sedimentary rocks, mostly of 1.9-1.8 Ga ages (SGU, 2009). In parts of the 
study area, geological maps are lacking. Still, large positive magnetic anomalies can normally 
be associated with intrusive gabbros, whereas smaller positive anomalies are associated with 
granitoids. Low magnetic field intensities are usually associated with meta-sedimentary rocks 
such as meta-greywacke in the eastern part of the area. The largest magnetic gradients are 
found in the area of Hindersön and Kvarnträskholmen (Fig. 1b). Larger fracture zones are 
present in the western part of the study area (Fig. 1b), trending in northwest-southeast 
directions and associated with magnetic field minima. The area is to a large extent covered 
with glacial till but glacial and post glacial sand deposits are common within the investigated 
area as well as finer sediments as clay and silt. The average depth to the bed rock is 15 m, but 
varies from 0 to 64 m. Soils with high aquifer potential are usually associated with coarser 
sediments, such as sand and gravel (producing 5-25 l/s) and constitutes less than 3.5 % of the 
investigated area, whereas potential rock aquifers (0.2-0.6 l/s) are usually associated with high 
fracture density. The magnetic susceptibilities of the rocks from outcrops (SGU, 2009) varies 
on average between 10-3 to 10-2 SI  with same range of values for soft sediments like sand and 
till, but somewhat smaller values for more clayey soils.  
 

The MRS Spin-Echo (SE) Method 
The MRS SE method is a large-scale geophysical implementation of the spin-echo technique 
developed by Hahn in 1950 for measuring Nuclear Magnetic Resonance (NMR) response in a 
non homogenous static magnetic field (Hahn, 1950). The hydrogen nuclei in water have 
magnetic moments, as they can be seen as charged particles spinning in the Larmor frequency 
( L). The net magnetization (M0) of the nuclei (1) will be oriented along the Earth magnetic 
field (B0) (Fig. 2a (1)). In the MRS technique a coincident transmitting-receiving loop is used 
to transmit a pulse moment (q1) of alternating current in the Larmor frequency ( L) (Fig. 
2b(2)). This will deflect the magnetization vector 90° into the x-y plane. After the pulse is 
turned off, the instrument turn into receiving mode during a dead time of 40 ms. The nuclei 
return to their equilibrium position, while creating a relaxation magnetic field measured in the 
same loop on the surface, where the initial amplitude of the field is proportional to the amount 
of water within the investigated volume. Due to magnetic inhomogeneities, the individual 
magnetic moments are spinning at different rates, some faster and some slower (Fig. 2a-b (2)), 
dispersing the relaxation magnetic field and shortening the relaxation time (T2*) of the signal. 
Free induction decay (FID) signals with T2* shorter than 40 ms are not measureable with 
current Numis equipment. After a period of time ( e), a second pulse moment (q2=2·q1) with a 
flip angle ( ) of 180° ( 2=2· 1) turns the spins over to the other side of the x-y plane (Fig. 2a-
b (3)). The nuclei with higher Larmor frequencies are now behind whereas the nuclei with 
lower Larmor frequencies are ahead. At the time of e after the second pulse all the spins are 
once again in phase creating a rise in the relaxation field signal (Fig. 2a-b (4)) that under near 
resonance conditions can be calculated as M =-M0·sin( 1) · sin2( 1) (Bloom, 1955), where the 
amplitude of the SE signal (e2 ) at time 2· e after the first pulse is 
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Fig. 1a) Geographic map over the Luleå area, where areas of measurements are marked with a square b) 
Magnetic field intensity map over the city of Luleå.  
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where the time constant (T2MRS) can be determined by varying the e (Fig. 2) and the initial 
amplitude (SE0) needed to resolve the water content can be estimated from extrapolation of e2  
(Equation 1). Since present MRS technology does not allow multi-echo techniques, e.g. in 
Carr and Purcell (1954) to determine the transverse relaxation T2, T2MRS is further affected by 
molecular diffusion: 
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where G is the spatial magnetic field gradient, D is the diffusion coefficient of water and  is 
the gyromagnetic ratio. In the presence of the field gradient G, the envelope of echoes 
observed at different delays ei is decaying faster than in homogeneous geomagnetic fields, 
which may cause some error in T2MRS and consequently in the extrapolation. If the diffusion 
effects and the e are small, T2MRS becomes an approximation of the transverse relaxation T2.  
An approximate shape of the SE is given by Hahn (1950), assuming the signal distribution of 
the SE to be normal distributed: 
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Fig. 2. Schematic time diagram for a SE-measurement, showing a) the magnetization during b) a typical 
measuring sequence: Noise (N), Pulse duration 1 (P1), FID1, Delay 1 (D1), Pulse duration 2 (P2) and FID2 
+ SE (after Legchenko (2010) and Dunn et al. (2002)). c) Illustration on how T2* can be roughly 
determined from the SE signal distribution. 
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The width of the SE signal at 50 % of maximum signal (e2 e) multiplied by a factor of 0.424 
correspond to the T2* (Fig. 2c; Legchenko et al., (2010)). 
 
The complex inversion of the SE signals are done under the assumption of horizontal 
stratification (Legchenko et al., 2010) using the Tikhonov regularization method (Tikhonov 
and Arsenin, 1977), which will return the water content distribution with depth for an aquifer 
with the relaxation time T2MRS.  
From numerical modeling (Legchenko et al., 2010), it can be seen that the SE signal is about 
25 % smaller than the FID signal. Moreover, due to magnetic inhomogeneities, SE signals 
have wider frequency band, consequently the pulse duration must be set shorter (10-20 ms) 
than normal FID (40 ms) measurements, which will decrease the depth of penetration to about 
60 % compared to FID measurements.  
 

Measuring procedure 
The MRS SE measurements have been conducted with the acquisition software NumRun 
developed by Anatoly Legchenko (LTHE). The practical steps to carry out a MRS have been 
dealt with in Bernard (2007), where the most important pre-measurements and adjustment of 
signal parameters includes; (1) Examining the lateral variation of the noise, the Earth 
magnetic field intensity and magnetic susceptibility over the affected area of the loop; (2) 
Adjusting the loop to meet the local noise condition and the depth of penetration needed to 
accurately resolve the shape of the aquifer; (3) Perform a test measurement to determine the 
Larmor frequency and optimizing the number of stacks and choice of filters. In case of SE 
measurements, (4) the pulse durations (P1 and P2) needs to be set so that the frequency spectra 
of q1 and q2 are wider than the spectra of the SE signal and (5) to fulfill the criterion q2=2·q1; 
(6) The length of the FID2 needs to be determined for setting the delay between P1 and P2 in 
such way that the arrival time of the SE is positioned later than the duration of the FID2 
signal. This will avoid a mixing of FID and SE signals. The approximate arrival time ( e) of 
the SE-signal is most easily estimated in field by adding ½P1 + FID1 + D1 + ½P2 (Fig. 2b). 
The main parameters to assess during the SE measurement are the amplitude of the FID1 and 
SE, together with their in and out of phase components, respectively (Fig. 3a-b). The SE 
signal will be shifted 180° from the FID signal. However, if the e is too short, both SE and 
FID2 signals will be distorted and the results will be unreliable.  
It is important to look for both FID and SE before determining the pulse parameters of the 
sounding. The shape of the SE can be used to estimate the T2* (Fig. 2c). If it is short (<30 
ms), it is unlikely that the FID will interfere with the SE signal as there is an instrument 
limitation for measuring signals shorter than 40 ms. 
 

Methods
MRS measurements have been made with Numis-Plus instrument (Iris instruments). Vertical 
Electrical Soundings (VES; SAS4000, ABEM) and Ground Penetrating Radar (GPR 250 
MHz shielded antenna; Ramac, Malå Geoscience) have complemented land measurements in 
order correlate the MRS results in some sites but also to explain the absence of FID and SE 
signals at other sites. From the ice, the depths to the sea floor have been measured with sonar 
and the water resistivity/salinity distribution with depth (Fig. 4a) was determined with a probe 
(Hydrolab Minisonde MS-5) at three sites. Magnetic field intensity measurements have been 
made in a grid over the affected areas of the loop at all sites (Fig. 4b; G 816 magnetometer; 
Geometrics) and magnetic susceptibility measurements (Kappameter KT-5; Geofyzika Brno) 
were made on soil samples in connection to every land measurement.  
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Fig. 3. Typical signals for FID (a) and SE (b) measurements, respectively. From the left: Signals from 
pulse 9, in- (X) and out-of-phase (Y) components separated from each other, Phase of SE shifted 180° 
from FID1, Amplitudes above noise. Note that the large discrepancy in amplitude between FID1 and SE 
compared to the numerical modeling in Legchenko et al., (2010) are due to the longer e.

 

Measurements from the ice  
Measurements on the ice are preferably performed between February and early April, when 
the ice is as thickest (ca 0.7 to 1 m). Two main ice roads on the archipelago of Luleå, lead to 
Hindersön-Storbrändön and Junkön, respectively. Here, two sets of measurements have here 
been made; Normal FID measurements during 2008-2009 (Hindersön (H), Storbrändön (SB); 
Perttu and Elming, 2009) and SE measurements (Junkön (J)) during 2010, both procedures 
with a 100 m square loop. The depth to the sea floor generally varies between 4 and 20 m 
between sites, with the exception of H2 (Hindersön) with a depth of 55 m. The underlying 
sediments and till are of unknown thickness. The EC of water was measured with respect to a 
standardized temperature of 25°C, whereas the temperature of the sea water is < 1°C (Fig. 4a). 
The true resistivity, have therefore been determined through temperature correction according 
to McNeill (1980). From the surface to about 2 m, the water is relatively fresh with a 
resistivity > 20 m. At a depth of about 2-4 m (the halocline) and downward, the water is 
brackish with a salinity of 4 ppt corresponding to a resistivity of ca 3.5 m (Fig. 4a). 
 

 
Fig. 4. Ice measurement from Junkön (J2). a) Illustrates a depth section where the thickness of the ice and 
the water column has been measured together with the temperature, resistivity and salinity. b) Map of the 
magnetic field variations over the affected area. The shaded area and the dots illustrate the loop location 
and magnetic field observations, respectively. 
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Result 

Test of SE-model 
The thickness of the water column at J2 is 16-17 m, with an ice and snow thickness 
corresponding to about 1 m. MRS have here been done with a q2=2q1 pulse with a 
corresponding e of 450 ms. Both the smooth and blocky inversion slightly underestimates the 
depth to the sea floor (Fig. 5a). This is most likely due to the large vertical field gradients at 
the bottom of the water column that attenuate the signals. The overestimation of water content 
depends on three different factors; (1) The temperature in the water column is fairly constant 
around 0.5°C (Fig. 4a), whereas in the Samovar inversion program a temperature of 20°C is 
assumed. In this low temperature the magnetization is hence 7 % higher (according to Curie’s 
law; Legchenko and Valla (2002)) and the water content is overestimated accordingly. It 
should also be noted that the temperature of groundwater in Sweden typically varies between 
6-8°C. Hence, there is an overestimation of water content by ca 4 % if the temperature 
difference is not compensated for. (2) The T1MRS has been estimated here to 2600 ms, whereas 
the T2MRS is only estimated to 1200 ms (Fig. 5c). The relaxation is enhanced due to molecular 
diffusion from the long extrapolation time. For a water content of 105-110 % (including the 
effect of low temperature on M0), the T2MRS should be ca 1600 ms and the error in water 
content estimation is hence about 20 %. The overestimation (3) can partly be addressed to an 
error in the resistivity model, where a small discrepancy between the real and measured 
resistivity (1-2 m below the halocline) can affect the water content estimation by as much as 
5 %.  
 

 
Fig. 5. a) Inversion result and b) fit for smooth, blocky and layer constrained inversion from the test site 
J2 (Junkön). c) T2MRS estimtion. 
 

Effect of large scale magnetic field gradients on the free induction decay
SE measurements are dependent on a field gradient to be detected, where a larger field 
gradient (shorter T2*) create a more distinct SE (Equation 3). The ice measurements are made 
over free water. Hence the effect of large scale magnetic field gradients from the underlying 
rock on the free induction decay constant (T2*) at the different sites can very roughly be 
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determined from the maximum lateral field variation measured over the loop (Fig. 6b). The 
affected area is here defined as 2 times the size of the loop (Fig. 5b) and T2* from the 
maximum signal. There is a clear trend of decreasing T2* with increasing lateral magnetic 
field gradient (Fig. 6b). The perturbation on T2* seems to be more evident for smaller field 
gradients but becomes more constant at > 100 nT/’over the loop’, with a T2* around 50 ms, 
instead of 1000 ms (Shirov et al., 1991). 
 
 
 

 
Fig. 6. a) Magnetic anomaly map showing the ice roads of Hindersön and Storbrändön, where MRS FID 
measurements have been carried out. b) The effect of large scale gradients in the magnetic field on T2*.
Note that the site J2 is not in this map. 
  

Measurements on land 
Most measurements on land have been conducted with two separated square loops, where the 
distance between the two squares are set equal to the side of one square (Fig. 7). This set-up 
resembles the figure eight loop (Trushkin et al., 1994) configuration but allows for more 
flexible location of each square and also provides larger signal.  
In order to improve the signal-to-noise (S/N) conditions, noise maps (using the noise analyzer 
belonging to the Numis equipment) showing the general noise trend, made it possible to place 
the antenna parallel to the source of noise (Fig. 7). Turning and moving the squares allowed to 
balancing the amplitude of the noise and thus efficiently reduce the ambient noise. For the 
inversion, the real loop shapes were taken into account. By this approach, the ambient noise 
for this particular measurement (Gäddvik; Fig. 7) decreased from ca 4000-4500 nV to ca 
1600-2000 nV. The measurement was here conducted with 400 stacks and an acquisition time 
of ca 14 h. The SE soundings in general were performed with the pulse durations: P1 = 14 ms 
and P2 = 30 ms and e corresponding to ca 70-80 ms.  
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Fig. 7. Loop setup from G1 (Gäddvik). 

Results 
Overall, no FID signals could be measured at any of these sites and SE signals were only 
obtained at coarser sand deposits at the sites of Gäddvik (site G1) and Sandnäsudden (sites 
BA1 and BA2). T2* was estimated to ca 30 ms and 35 ms from SE signlas from Gäddvik and 
Sandnäsudden (Equation 3), respectively, suggesting that FID signals would be difficult to 
detect here. The minimum e between pulses is approximately 70 ms, which leads to a 
minimum extrapolation time of 140 ms (2 e) Therefore, signals that are attenuated faster will 
hence go unnoticed, e.g. in sediments like finer tills, clay and silt. In Ängesbyn (A1 and A2) 
and Bensbyn (B1), the small mean pore size of the till and clay together with the low porosity 
of the underlying rock probably inhibits any MRS SE signals to be recorded here. 
Kvarnträskholmen (site K1) is situated close to a lake in a sand deposit with a thickness of 6 
to 10 m with underlying till. However, from GPR measurements it can be seen that the lake is 
sealed by a clay layer and the groundwater table is situated at a depth exceeding the sand 
deposit. Ängesbyn (site A3) is also situated in a sandy deposit with the groundwater table 
located at a depth of 8-10 m. From GPR and VES measurements, it can be concluded that the 
clay content increases considerably below a depth of 1.5 m explaining why no SE signal is 
measured here.  
 

Test of the SE technique in Gäddvik and Sandnäsudden 
The main water supply of the town of Luleå is located in Gäddvik on a cape in the Luleå 
River (Fig. 8a). It provides 61500 people with 19 250 m3/day surface water from the Luleå 
River, filtrated through natural sand beds. The water is generally of good quality but elevated 
concentrations of iron, manganese, turbidity and chloride have been reported. The aquifer is 
believed to be positioned within a poorly defined esker, with fine to coarse sands with layers 
of silt. The average effective porosity and hydraulic conductivity of the Gäddvik aquifer have 
been estimated to about 20 % and 10-3 m/s, respectively but varies locally within the aquifer 
(SWECO, 2007). The SE measurement (Fig. 8b-d) was here made on the river bank, gently 
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dipping towards Luleå River (Fig. 8e). The water table is situated at a depth of 4.5 m as 
determined in a monitoring well located about 5 m from the eastern edge of the loop (Fig. 8e). 
From the GPR profile data it can be seen that the groundwater table is leaning gently towards 
the river with a depth of about 2 m in the western part of the loop. The MRS loop was 
configured as a two square loop (2*20 m2), with a maximum penetration depth modeled in the 
Samovar program to ca 20 m. One borehole with geological data exist about 20 to 30 m east 
of the loop. From the surface to 8 m in depth the soft sediments consist of coarse sand, which 
turn into more silty sand between 8-12 m. From 12-22 m, the sediments turn into more coarse 
sand again (Fig. 8b). In the borehole, the effective porosity has been estimated at ca 30 % and 
the hydraulic conductivity to 3*10-3 m/s and the depth to the bedrock has been interpolated at 
about 40 m within this area. The data have been inverted with both a smooth and blocky 
inversion, with maximum SE amplitude of ca 80 nV, and quite scattered data points at larger 
pulse moments (Fig. 8c), for a T2MRS estimated to 230 ms (Fig. 8d). 
The result show that the aquifer consists of two main water layers, one starting at about 3 m 
depth where the water content is about 30 %, corresponding well to the depth to the water 
table determined from GPR and the effective porosity determined in the borehole, 
respectively (Fig. 8b,e). The second layer starts at a depth of ca 15 to 17 m with lower water 
content. In the smooth model a small undulation can be seen in the water content distribution 
between 6 and 10 m, which could be a sign of higher silt content in the sand layer. Below 10 
m, no signal is detected from GPR, which supports the location of a layer with finer sediments 
at this depth. 
  

Fig. 8. MRS measurements at Gäddvik showing a) Map over the Gäddvik area. b) Water content 
distribution with depth for smooth (continues line) and blocky (hatched line) inversion) together with 
geological logging data; c) Inversion fit and d) T2 inversion. e) Radargram and loop set-up. 
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Sandnäsudden, a small cape along the Luleå river (Fig. 9a), was chosen as test site for MRS 
SE  since it is located relatively close to the city (ca 20 km NW). The soils characteristics are 
similar to those at Gäddvik, but the noise conditions are more favorable. In the neighboring 
area the depth to the bedrock has been determined to between 25 and 60 m (SGU, 2009). Two 
MRS measurements were conducted, one close to the water (site BA1, Fig. 9b) using a 2*40 
m square loop and one on top of a hill (site BA2) using a 2*20 m square loop (Fig.9b). The 
depth to the groundwater table was determined from GPR (Fig. 10a-b) and VES (Fig. 10b) to 
about 1 m in the north-western part of the profile and to about 6-7 m in the south-eastern part. 
Note that the groundwater table is expected to vary smoothly and that the apparent 
undulations seen in the radargram is due to the rather crude leveling of the topography. Due to 
the highly resistive upper soil, the current injected (2-5 mA) for the VES is not enough to 
retrieve reliable information below the groundwater table. From the GPR data it is possible to 
distinguish three water saturated layers (Fig. 9b), where the thickness of the different layers 
has been constrained by the MRS/VES models (Fig. 10a-b). Layer 1 has a maximum 
thickness of 10-12 m in the north-western part, whereas at the profile coordinate 40 m, the 
layer seem to be divided into two separate layers (layers 2 and 3) with a total thickness of 
about 10 m.  
 

 
Fig. 9. a) Map of Sandnäsudden; b) Cross-section showing the field setup for MRS and location of VES 
together with the GPR radargram. 
 
From the MRS interpretations at site BA1 the depth to the water table is estimated at about 1-
2 m (Fig. 10a). This first water layer has a water content between 30-40 % and a thickness of 
about 10 m. A second layer has a water content of ca 25 % and neither at site BA1 nor at site 
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BA2 can the bedrock be distinguished. The T2MRS is about 200 ms which correspond quite 
well to Gäddvik (G1). At site BA2 (Fig. 10b) the depth to the water table is estimated at 5 m, 
which agrees well with the depth determined from the VES and GPR measurements. The 
water content of the first layer is equivalent to BA1, however, the second layer has a water 
content of only 15 % and the second and third layers can not be separated from each other. 

 
Fig. 10. a) MRS and GPR models from BA1. b) MRS, GPR and VES models from BA2. c) T2MRS
inversion. d) Inversion fit for smooth (continues line) and blocky (hatched line) inversion for d) 
BA1 and e) BA2, respectively. 

Discussion 

For optimizing the MRS SE measuring design to meet the magnetic conditions in the northern 
Sweden, factors such as choice of measuring technique, pulse duration, frequency shifts and 
estimation of T2MRS are crucial and will be discussed here. 

Choice of measuring technique 
The choice of measuring technique, q2=q1 (T1MRS and T2MRS) or q2=2q1 (T2MRS), depends partly 
on the aim of the investigation and the site conditions. A q2=q1 scheme makes it possible to 
determine T1MRS along with T2MRS with greater depth of penetration but with a smaller SE 
amplitude. The q2=2q1 technique is hence more appropriate for noisier environments, 
shallower investigation and in geological environments where no FID is expected.  
The q2=q1 measurement was performed with somewhat longer pulses (P1,2=25 ms) in order to 
increase the depth of penetration. A comparison between the two measuring schemes shows 
that the initial amplitude of the q2=q1 measurement is one third of the q2=2q1 (Fig. 11a). Since 
the pulse duration is longer (T2* is estimated to about 45 ms instead of 35 with the q2=2q1 
procedure) the spin-echo is also less distinct and the water content is also highly 
underestimated (Fig. 11b). Moreover, the frequency is shifting upward (Fig. 11c) and the 
phase is stabilizing around 0° instead of 180° (Fig. 11d), which makes the later part of the 
sounding curve unreliable.  
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Fig. 11. Comparison between q2=2q1 and q2=q1 techniques for a) sounding curves; b) inverted water 
content distribution; c) Frequency and d) Phase. 
 

Pulse duration 
SE signals have wider frequency band than FID signals and need therefore shorter pulse 
durations. The choice of pulse duration does not only affect the frequency band and hence the 
amount of water detected by MRS but also the depth of penetration since shorter pulse 
durations will decrease the maximum pulse moment (q). Since the second pulse must be twice 
as long to fulfill the criterion q2=2q1, but still excite the same volume of water, it is the 
second pulse that limits the duration of the first pulse. To optimize the pulse duration, three 
different pulse durations times (P1/P2) have been tested: 10/20 ms, 15/30 ms and 20/40 ms. It 
can be seen that for the 10/20 ms and 15/30 ms measurements, the maximum pulse moment 
reaches only 50 % and 70 %, respectively, of the maximum q1 achieved in the 20/40 ms 
measurement (Fig. 12a). The  sounding curves have also a somewhat different appearance, 
with the signal amplitudes clearly lower for the 15/30 and 20/40 measurements, reaching only 
90 % and 80 % of the 10/20 measurement, respectively. From the inversion it can be seen that 
the water content varies between 31 % and 24 % for the different measurements (Fig. 12b). 
The T2* calculated from the half width of SE (Equation 3), of the different measurements, 
neglecting the 2 first pulses, show an average of 36 ms, 37 ms and 43 ms, for 10/20, 15/30 
20/40, measurements, respectively (Fig. 12c). It shows that the T2* is stabilizing around 35 
ms. This means that a P1 15 ms is somewhat of an optimum choice for this type of deposit, 
considering the pulse duration as a compromise between depth of penetration and measurable 
water content.  
 

 
Fig. 12. The effect of changing the pulse duration on the SE sounding. a) Sounding curve, b) blocky 
inversion of water content and c) T2*. 
 

Frequency shifts 
Large magnetic gradients over the loop and diurnal effects of the magnetic field (Lubczynski 
and Roy, 2004) can cause large frequency shifts in a sounding. Due to the wide bandwidth of 
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the signal frequency in SE compared to FID measurements in homogenous Earth magnetic 
field, frequency shifts > 10 Hz will still return measureable signals at BA1. A ±10 Hz shift 
corresponds to a decrease in maximum SE amplitude of more than 50 %, whereas ±5 Hz 
shifts correspond to a decrease of 25 %. It can also be noted that the maximum amplitude of 
the sounding curve is shifted to smaller pulse moment in the off resonance soundings. 
Moreover, a negative frequency shift generates a tale with a positive gradient at larger pulse 
moments, whereas positive frequency shifts have instead a negative gradient (Fig. 13a). From 
inversion it can be seen that frequency shifts smaller than < 5 Hz have smaller impact on the 
inversion result, where the first layer is quite well defined with regards to both water content 
and thickness (Fig. 13b). For a 10 Hz frequency shift, both the estimated water content and 
the geometry of the aquifer are clearly influenced. It can be seen that a positive frequency 
shift, overestimates the thickness of the first layer and underestimates the water content of the 
second layer, and vice versa for a negative frequency shift.  
 

 
Fig. 13. a) Sounding curves and b) inverted data for frequency shifts corresponding to 0, 5 and 10 Hz (left) 
and 0, -5 and -10 Hz (right). 

 

T2MRS estimates 
T2MRS estimates seem to correspond quite well to measurements in medium to coarse sand 
made in Maniwaki, Canada (Legchenko et al., 2010) with T2MRS values around 200 ms. At site 
BA1, T2MRS have been estimated for three different pulse moment (230, 720 and 1500 Ams) 
(Fig. 14; inlet curve) with coherent result. In the ideal situation, i.e. if the aquifer corresponds 
to one homogenous water layer, the peak SE amplitude (q1=720 Ams) would be equivalent to 
a 90° flip angle, whereas the local minima (q1=1500 Ams) and half of the signal amplitude 
(q1=230 Ams) would here correspond to a 180° and 45° flip angle, respectively. In this case, 
T2MRS should be roughly the same for all three measurements. However, BA is clearly a two 
layer aquifer and there is a weak trend of decreasing T2MRS with larger q1, which could suggest 
that the shallow layers of the aquifer is composed of coarser material with finer material 
towards the deeper parts, and hence support the interpretation of water distribution at site BA1 
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(Fig. 13a). However, there is still a great deal of uncertainty in the T2MRS inversion due to the 
long extrapolation time (Vouillamoz et al., 2011).  
 

 
Fig. 14. T2MRS estimates for different pulse moments at Sandnäsudden (see the approximate location of 
each T2MRS in the inset sounding curve).  

Conclusions 
MRS SE measurements have shown to give reliable results from measurements on ice over 
open water, although, T2MRS are clearly affected by diffusion due to the long extrapolation 
time. From Earth magnetic field variations over the loop, it is noticed that even small 
horizontal intensity gradients in the field affect the T2* and that larger gradients > 100 
nT/’affected area of the loop’ can diminish the T2* from 1000 ms to < 50 ms. The two 
separated square loop configuration used for measurements on land has shown to be very 
flexible in terms of placing the loop compared to the figure eight loop but also efficient in 
reducing noise by careful adjustment of the loop layout. Measurements made in different 
geological environments show that the MRS SE technique cannot detect water in finer tills, 
silt and clays, constrained by the minimum delay time of the instrument (ca 70 ms), but is 
more suitable in coarser soils such as sand and gravel deposits. The MRS SE result from the 
site of the Luleå town water supply shows a good agreement with the estimated effective 
porosity from a near by borehole and complementary GPR measurements have shown to be 
very efficient in characterizing the aquifer in respect to the groundwater table, layering and 
sediment structures. No free induction decay (FID) signals were observed in MRS records 
from measurement made on land, which decreases the risk of mixing FID and SE signals. 
Therefore, a standard SE measuring procedure (q2=2q1) with a pulse duration of 15(P1) ms is 
most successful. It has been shown that a slight shift in frequency (< 5Hz) does not affect the 
interpreted aquifer geometry nor water content in the inversion and T2MRS for the different 
pulse moments seems to give coherent and reliable results. 
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